Drilling Induced Fatigue Damage in Ti-6Al-4V by Castle, James
Washington University in St. Louis
Washington University Open Scholarship
All Theses and Dissertations (ETDs)
January 2010
Drilling Induced Fatigue Damage in Ti-6Al-4V
James Castle
Washington University in St. Louis
Follow this and additional works at: https://openscholarship.wustl.edu/etd
This Dissertation is brought to you for free and open access by Washington University Open Scholarship. It has been accepted for inclusion in All
Theses and Dissertations (ETDs) by an authorized administrator of Washington University Open Scholarship. For more information, please contact
digital@wumail.wustl.edu.
Recommended Citation
Castle, James, "Drilling Induced Fatigue Damage in Ti-6Al-4V" (2010). All Theses and Dissertations (ETDs). 57.
https://openscholarship.wustl.edu/etd/57
WASHINGTON UNIVERSITY IN ST. LOUIS
School of Engineering and Applied Science
Department of Mechanical, Aerospace, and Structural Engineering
Dissertation Examination Committee:
Kenneth Jerina, Chair
Philip Bayly
David Bowden
Shankar Sastry
Edward Spitznagel
Keith Young
DRILLING INDUCED FATIGUE DAMAGE IN TI-6AL-4V
by
James B. Castle, B.S., M.S.
A dissertation presented to the School of Engineering
of Washington University in partial fulfillment of the
requirements for the degree of
DOCTOR OF SCIENCE
May 2010
Saint Louis, Missouri
copyright by
James B. Castle
2010
ABSTRACT OF THE DISSERTATION
Drilling Induced Fatigue Damage in Ti-6Al-4V
by
James B. Castle
Doctor of Science in Mechanical Engineering
Washington University in St. Louis, 2010
Research Advisor: Professor Kenneth Jerina
The objective of this work is to develop an understanding of the relationship be-
tween hole drilling processes and the fatigue performance of the resulting part in
Ti-6Al-4V. This problem is significant, as on the order of one-hundred thousand to
a million holes are created in a typical large aircraft, and the limiting performance
criterion is usually the fatigue lifetime. The path between the drilling process pa-
rameters and the fatigue performance has two main steps: characterization of the
thermo-mechanical drill process and assessment of the relationship between the hole
integrity left by the drill process and the fatigue performance. Development has been
limited by the robustness of previously available thermal characterization systems,
poor correlation between drill processes and physical observations of metallic effects,
and limited success identifying the key hole integrity characteristics. This work devel-
ops robust novel thermal methods which enable integration into current drill process
development techniques. The key integrity drivers in the hole wall are identified,
characterized, and a system to assess is presented. The thermal and hole integrity
trends are presented as guidance for drill process development providing significant
ii
opportunities to optimize processes. Thus, this work advances knowledge of the pro-
cess to fatigue lifetime relationship by correlating the thermo-mechanical drill process
to fatigue life in Ti-6Al-4V.
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Preface and Executive Summary
This dissertation presents the research performed from January 2004 to date for the
author’s doctoral dissertation. The progression of the research project is illustrated
through discussion of the historical background, the current state of the art, the
areas of new knowledge this project addresses, discovery experiments, hypothesis
experiments and results.
The objective of this work is to develop an understanding of the relationship be-
tween hole drilling processes and the fatigue performance of the resulting part in
Ti-6Al-4V. This problem is significant, as on the order of one-hundred thousand to
a million holes are created in a typical large aircraft, and the limiting performance
criterion is usually the fatigue lifetime. The path between the drilling process pa-
rameters and the fatigue performance has two main steps: characterization of the
thermo-mechanical drill process and assessment of the relationship between the hole
integrity left by the drill process and the fatigue performance. Development has been
limited by the robustness of previously available thermal characterization systems,
poor correlation between drill processes and physical observations of metallic effects,
and limited success identifying the key hole integrity characteristics. This work devel-
ops robust novel thermal methods which enable integration into current drill process
development techniques. The key integrity drivers in the hole wall are identified,
characterized, and a system to assess is presented. The thermal and hole integrity
trends are presented as guidance for drill process development providing significant
opportunities to optimize processes. Thus, this work advances knowledge of the pro-
cess to fatigue lifetime relationship by correlating the thermo-mechanical drill process
to fatigue life in Ti-6Al-4V.
The physical integrity of various thermally induced physical conditions that can be
imparted on the hole by thermal processes alone, even though the drilling process is
thermo-mechanical, are assessed. Phase transformation was assessed by correlating
the temperature to the continuous cooling transformation curve and examining the
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microstructure for transformed alpha. Phase change was not observed in this work
and is not considered a driver in the drilling regime examined. Hardness was in-
vestigated by performing hardness traverses to generate hardness profiles relative to
location through the hole and distance from the hole wall. While hardness impact has
been observed by others in literature, no appreciable change was observed; it is not
considered a driver in this drilling regime. Residual stress is not directly addressed,
although it is shown that the mechanical cutting of the metal induces a beneficial
compressive stress while the corresponding thermal effects induce a detrimental ten-
sile stress. Thus, by tracking the temperature of the processes, this work correlates
the potential detrimental residual stress effects to the higher temperature regimes.
Microcracks, typically due to cooling shrinkage, provide initiation sites accelerating
fatigue failure. Microcracks were not observed via optical metallography or during
failure analysis. Interstitial buildup has been shown to impact fatigue life detrimen-
tally via oxygen pickup causing alpha case which is brittle and induces earlier fatigue
initiation. For drilling processes, alpha case was a key concern and this was assessed
by measuring the microhardness which increases with oxygen pickup. Additionally,
SEM composition analysis was performed on an extremely high heat hole and no in-
terstitial buildup was observed. While all the drivers are in place to enable interstitial
buildup, the key parameter of time is lacking as the processes are too short to allow
significant diffusion activity. Thus, residual stress was the only effect that can be
induced by heating alone that did not get ruled out within the operating range of
this work.
The physical integrity of various physical conditions that require mechanical work to
be imparted are assessed. Surface finish has been shown to impact fatigue life and
is maintained below specification levels. Burrs, if not removed, have been shown to
decrease fatigue life and were removed for this work. Hole geometry was assessed to see
if the shape of the hole corresponded to the initiation sites. The results showed a mild
bias in initiation location relative to the hole geometry but were not a significant driver
in the conclusions. Plastic deformation is induced by the applied shearing stress of the
drilling process. The mechanisms that can occur in plastic deformation, dislocation
movement, grain structure change, and grain boundary slipping have been noted to
impact fatigue life. Previous efforts to correlate plastic deformation to fatigue life in
drilling processes have failed, because they were not coupled with the thermal effects.
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This coupling of the thermal-mechanical process that induces plastic deformation is
the keystone of this effort and provides correlation to fatigue life.
Temperature is a critical factor in drilling processes and it is amplified in Ti-6Al-4V
and is a key item that has been lacking in prior fatigue investigations. Literature has
noted that overheating holes has a detrimental effect on fatigue properties. For this
project, an optical thermography test apparatus has been developed and exercised.
An inverse heat transfer solution was assessed to correlate thermal measurements
taken remotely to the cutting zone but was deemed inadequate. Using alternative
exit surface measurements, it was determined that relative temperature measurements
on the top surface of the coupon are sufficient to determine the trends necessary to
correlate to fatigue results. This experimental technique provides data which is not
hindered by the adiabatic cutting zone assumptions of analytical thermal models.
The development of this non-intrusive experimental best practice, to characterize the
temperatures in drilling processes in transient conditions and with coolant, is a sig-
nificant advancement. This advancement makes it reasonable to include the thermal
properties as a control variable when designing drill processes whereas prior art could
not do so in an industrially efficient manner. While the inverse solution failed, it
did provide guidance necessary to demonstrate the benefits of the new experimental
technique. In this work, this best practice enables more complete characterization
of the drill processes, characterization of drills that cannot be measured using prior
techniques, and rapid screening of a much larger cross section of processes. Addition-
ally, the experimental technique overcomes the shortcomings inherent in currently
available analytical temperature models.
The thermal drilling study and its relationship to physical integrity as characterized by
metallography ratings. Some key observations were made as to the impact of drilling
process parameters on first temperature and then on physical integrity. As expected
from discovery experiments, increasing RPM increased temperature, increasing cutter
wear increased temperature, increasing coolant decreased temperature, and switching
from a carbide cutter to a high speed steel cutter increased temperature. The order
of significance of these parameters on temperature was: Wear, Coolant, RPM, and
Cutter. It was observed that increasing wear from sharp to dull increased the severity
of the metallography rating, increasing coolant from Lubricant to Flood Coolant
decreased the severity of the metallography rating, increasing the RPM decreased
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the metallography rating and switching from the carbide cutter to the less optimal
high speed steel cutter increased the severity of the metallography rating. It was
demonstrated that there is an optimal range for the best metallography rating which
corresponds to low temperature and higher relative strain rates (higher RPM).
These results indicate that there is a relationship between processing parameters,
temperature, strain rate, and the metallography rating. This provides guidance as
to designing a drilling process for optimal metallography rating. The metallography
rating can best be correlated to plastic strain. The stretched grains of a severe
metallography rating are described by larger plastic strain than the unstretched grains
seen in the low metallography rating. The method of plastic strain deformation
in titanium operating at high strain rates below 600 degrees Celsius is dislocation
movement and generation. From this it can be inferred that the higher more severe
metallography rating corresponds to a higher plastic strain and finally corresponds
to an increase in dislocation activity. Conversely the lower less severe metallography
rating would have less dislocation activity. The first and longest stage of fatigue is
damage accumulation which consists of generation of dislocations. Thus, a higher
more severe metallography rating would correspond to a shorter fatigue life, because
after drilling there would already be accumulated damage.
The fatigue test consisted of four groups of processes with four replicates of each level.
The RPM, Cutter Material, Feed, and Pecking are held constant and only Wear and
Coolant are varied. Temperature varies with the process variables. The result is a
fatigue coupon matrix that ranges from 190 Celsius peak temperature to 505 Celsius
peak temperature. Group D is a baseline conservative process which is a new sharp
cutter with flood coolant. Group B is the same process still with a new cutter but
using lubricant instead of flood coolant which raises the temperature. Group C is the
same process using a dull cutter, but flood coolant is used. Group A is the extremum
which is the same process with a dull cutter and using lubricant instead of flood
coolant.
Group D (the conservative process: Sharp, Coolant) has the longest mean and median
lives. Groups A, B, and C have similar mean and median lives. The mean time to
failure is modeled by Weibull scale parameter and correlates to the metallography
rating. The variance is largest in Group D. Since it has been noted that variation
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increases with life in fatigue tests, this was addressed using the Coefficient of Variation
and the Weibull Shape parameter. The conservative baseline group has a strong
indication of a longer life than the three more aggressive processes. The remaining
three processes have fatigue results that are not statistically different. These fatigue
results are consistent with the physical integrity (metallography rating) results which
demonstrate that the coupons were selected along a continuum that should expect to
see different results, but the spacing between the groups is not as large as the process
parameters would indicate.
xxi
Chapter 1
Introduction
1.1 Background
The basic flow of the steps to accomplish this task is shown in Figure 1.1. Work on
this task starts with the controllable drill process parameters. Ideally, the researcher
would like to be able to adjust the drill process and know the resulting fatigue lifetime
impact. However, to get to fatigue lifetime performance the process parameters must
first be translated to the resulting integrity of the drilled hole. Second, from the
integrity of the drilled hole, a translation to the fatigue lifetime performance must be
made. The complexity in predicting this two step process has limited development in
this area. The items in green will be addressed in this research. The items in red with
literature in the text are paths that have been explored by industry. The large green
box highlights the portion of the research which will add the most new knowledge to
the state of the art. This area is of prime importance as it will allow refined industry
models, which are being developed based on process parameters, to be expanded to
fatigue lifetime performance.
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Figure 1.1: Flow Chart of Research Process.
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Drilling processes can induce a number of physical conditions in the hole integrity
which can affect the fatigue lifetime. A summary of the key process effects are pre-
sented in Table 1.1. The perceived cause of the physical condition, the fatigue impact,
and the effort performed to address each is presented. These physical conditions fall
into two categories. The first category can be caused by the thermal history alone
(Phase Change through Interstitial Buildup). The second category requires mechan-
ical work in addition to thermal to produce (Plastic Deformation to End).
In the first category, where thermal history is a predominant cause, the first condition
is phase change which is directly related to the thermal history via the phase diagram
and the continuous cooling transformation (CCT) diagram. Fatigue performance can
be impacted because the new microstructure created by the phase change has differ-
ent fatigue properties than the metal prior to hole drilling. This work investigated
this condition by examining the microstructure for change via metallography, corre-
lating the measured thermal history to the phase and CCT diagram, and excising
cracks to determine if the initiation sites corresponded to microstructure. The second
condition is hardness which is related to the thermal history and to the plastic defor-
mation. The fatigue performance can be impacted by change in the fatigue properties
of the hardened or softened material. This condition was investigated by mapping
the microhardness of the material along the hole, and correlating hardness to thermal
history. The third condition is residual stress which is related to the thermal history
and the plastic deformation. Compressive residual stresses are beneficial to fatigue
performance while tensile residual stresses are detrimental. No direct measurement
of residual stresses was performed for this research although it has been noted that
non-uniform heating tends to create localized tensile stresses balanced by remote com-
pressive stresses. Thus, residual stresses were only addressed via the thermal history.
The combination of thermal history and plastic deformation can induce surface mi-
crocracks. These microcracks can provide conducive locations for crack initiation and
can decrease fatigue performance. This research will address microcracks by metal-
lographic examination. The next condition is interstitial buildup. This is related to
the thermal history creating a condition conducive to interstitial diffusion into the
workpiece. Interstitials can be beneficial or detrimental to fatigue life depending on
the interstitial and the extent. As the time period of the drilling process is short for
diffusion to occur, it was assessed by microhardness and limited SEM compositions.
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Table 1.1: Drill Process Hole Integrity Effects with Fatigue Impact.
Physical
Condi-
tion
Per-
ceived
Cause
Fatigue Impact Assessment
Phase
Change
Thermal Microstructure formed has
different fatigue properties
than base metal
Optical metallography,
Temperature correlation
to CCT diagram, Excise
cracks
Hardness Thermal
and
Plastic
Hardened or softened ma-
terial has different fatigue
properties
Microhardness maps with
temperature correlation
Residual
Stress
Thermal
and
Plastic
Tensile residual stress de-
creases fatigue life, com-
pression increases
No measurement, Litera-
ture correlations
Micro-
cracks
Thermal
and
Plastic
Seeds for earlier crack initi-
ation
Optical Metallography, Ex-
cise cracks
Inter-
stitial
Buildup
Thermal Different fatigue properties
in affected area
Microhardness, SEM com-
position
Plastic
Defor-
mation
Applied
Stress
Deformed grains can pro-
vide intergranular initia-
tion sites
Optical metallography, Ex-
cise cracks
Surface
Finish
Process Stress risers decrease fa-
tigue performance
Hold within industry specs
Burrs Process Stress risers decrease fa-
tigue performance
Deburr to industry specs
Hole
Geome-
try
Process Increased plastic deforma-
tion at lobes may induce
initiation
Measure hole geometry
The first category of conditions, as discussed in this paragraph, are related to the
thermal history which is the key measurand in this research program.
The second category of conditions while coupled with the thermal history are more
closely tied to the resulting physical effect on the metal. The first physical condition of
this category is plastic deformation of the metal. This deformation is due to applied
stress combined with heating that lowers the flow stress from the cutting process.
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Fatigue can be impacted as the deformed grains can provide intergranular initiation
sites as well as accumulated dislocation damage. This condition was investigated by
metallographic examination of initiation sites on the failure surface. A relationship
between the increased plastic deformation to the heat generated by the drill process
was investigated. Next is the surface finish which is generated by the drilling process.
Surface finish affects fatigue performance because roughness, nicks, gouges, are all
stress risers which lead to earlier crack initiation. Surface finish is a specification
requirement for holes. For this work the surface finish was maintained within industry
specifications. On entrance and exit of the workpiece the drill process generates a
burr. Burrs can act as stress risers decreasing fatigue performance. To eliminate this
effect, holes were deburred to industry specification edge break. The final process
effect examined is hole geometry. This addresses the size and cylindricity of the holes.
Qualitative prior assessments have indicated that increased plastic deformation at less
cylindrical (lobed) points in the hole have increased plastic deformation and thus may
influence fatigue. This is an uncontrollable effect that was measured via a Talyrond
machine and lobed locations were compared to initiation sites to assess the impact.
In this category, only the plastic deformation is not currently specified and measured
as a process specification, however, relationships developed in this work on plastic
deformation provide novel impact.
1.2 History
Work assessing the fatigue impact of various hole drilling processes has been piecemeal
through the years and has been severely hampered by the nature of the drilling
processes. Hole drilling processes have such an abundance of interrelated parameters
that it has proven very difficult to isolate how process parameters impact fatigue life.
Most of what is known and understood has been an extrapolation of what has been
demonstrated by turning, machining, and grinding processes.
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The most recent work has been developed by Liu and Yang [6], [7], [8], [9], [10], [11].
The primary focus of these works has been to examine the fatigue variance imparted
by face-turning and grinding to handbook prescribed parameters; however, Reference
[6] focuses on hole drilling. The authors chose to focus on the fatigue variance as
the repeatability of fatigue results is critical to product quality. To understand the
fatigue variance the authors put significant effort into understanding the residual
stress variance in the machined part and the statistical impact of the results. These
works recommend that fatigue life variance, in addition to average life, be included
as a basis for choosing manufacturing processes for fatigue critical products. Second,
these works found a positive correlation between residual stress variation and fatigue
life variation suggesting that a better understanding and prediction of residual stresses
lead to better prediction of fatigue life. Finally, these works emphasize the criticality
of this research as stated most recently in [6], ”This finding proves the importance
and urgency for further studying the issue in a scientific way.”
1.3 Summary
The determination of the fatigue performance resulting from drill processes in Ti-
6Al-4V is a two step process as shown in Figure 1.1. The first step is to relate the
drill process parameters to the physical integrity of the hole. While efforts have
been made to relate drill processes to parts of physical integrity, the complexity of
the metal cutting process, in particular temperature, has limited the development.
This research takes this step by experimentally correlating the thermal history to
the physical integrity of the hole. The physical effects resulting from the drilling
process are summarized in Table 1.1. This table summarizes how each effect was
addressed in this work. The second step is to determine the relationship between the
physical integrity of the hole and the fatigue performance which has been unachievable
due to incomplete definition of the physical integrity. This work accomplishes this
via hypothesis fatigue testing based on demonstrated thermal drilling processes and
thorough assessment of the physical integrity. Thus, this work advances knowledge
6
of the process to fatigue lifetime relationship by correlating the thermo-mechanical
drill process to fatigue life in Ti-6Al-4V.
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Chapter 2
Fatigue Assessment
2.1 Introduction
As noted by Suresh, a good definition for fatigue was presented in General Princi-
ples for Fatigue Testing of Metals published in 1964. ”Fatigue is defined as a term
which ’applies to changes in properties which can occur in a metallic material due to
the repeated application of stresses and strains, although usually this term applies
specially to those changes which lead to cracking or failure’ [12].” In many appli-
cations, especially the aerospace industry where tighter margins are necessitated by
weight, fatigue is a predominant factor in sizing metal parts. The suitability of cycli-
cally loaded aerospace designs are typically verified by full-scale and sub-component
fatigue tests.
There are, however, significant limitations in this process. Due to enormous expense
there is rarely more than one full-scale fatigue test for an aircraft. Second, again
due to expense, the sub-component and coupon tests are typically statistically small
sample sizes. Due to the typically large variance in fatigue data this often creates a
difficult situation for the fatigue engineer to assess the true fatigue characteristics of
the design especially as design changes are made post-test.
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Significant effort has been expended to develop the best methods to deal with this
limitation. There is still a strong need to further the state of the art in understanding
the contributing phenomena that cause crack formation and the variance from one
sample to the next. One of the contributing phenomena that bears further study
includes the material processing subset of metal cutting and more specifically hole
drilling. Hole drilling is a significant process for aircraft manufacturing on the order
of one-hundred thousand to a million holes in a typical large aircraft. This creates a
significant opportunity to save money via drilling process optimization. Modifications
to the drilling process create two potential pitfalls. First, if the proposed optimized
process is different than the process demonstrated in the full-scale and sub-component
fatigue tests, the engineer is forced to perform another fatigue test to demonstrate
that the new process is equivalent or better than the initially demonstrated process.
Second, while there are many quantitative processing limits defined based on mea-
surable physical qualities, there is little clear guidance available to define the optimal
process limits for fatigue life. This leaves the engineer approximating the potential
fatigue impact based on a hole’s physical qualities by iteratively performing fatigue
tests. This is further complicated by small sample fatigue tests and significant vari-
ance. This research better defines the drill process to fatigue performance relationship
to mitigate these challenges.
2.2 Historical Overview
The history of metal fatigue is well reviewed in numerous textbooks. This review is
compiled primarily from the following references [12], [13], [14]. The citations of the
original works are retained for reference. The first documented study of metal fatigue
is credited to Albert who studied mining hoist chains subjected to repeated loads
circa 1838 [15]. The needs of the railroad industry motivated much of the following
research although significant other fields contributed. Around 1843 Rankine studied
the nature of fatigue failures and noted the danger of stress concentrations. Wo¨hler,
one of the most famous early investigators (circa 1850-1875), conducted experiments
that showed the stress at which cracks initiate under cyclic loading was significantly
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less than the static strength [16]. During this time period tests sought to determine
a safe stress (endurance limit) below which failures would not occur. In this time
period Gerber and Goodman independently examined mean stress effects on fatigue
life seeking to develop means for fatigue design. Wo¨hler’s work also led to the charac-
terization of fatigue via stress amplitude-life (S-N) curves. Bauschinger (circa 1886)
confirmed Wo¨hler’s work and identified cyclic strain hardening and softening [17]. In
1903, Ewing and Humphrey, using optical microscopy, established that fatigue failure
could be attributed to the propagation of a single dominant flaw due to broadening of
slip bands [18]. Later work has further demonstrated that the basic cause of fatigue
nucleation is alternating shear stresses and strains.
With an understanding of the basic mechanism of fatigue, the next period of research
sought to characterize and model key influences on fatigue life (circa 1900-1954). Sig-
nificant works were generated on cyclic hardening and softening (hysteresis loops),
heat treatments, corrosion, damage accumulation, variable amplitude fatigue, notch
effects, statistical theories, fretting, failure, etc. One of the key developments occurred
in 1921 with Griffith’s energy concepts providing the mathematical background for
fracture [19]. This theory, however, could not be directly applied to fatigue failure
analysis for some time. By the 1930’s fatigue had become a significant research topic
with books published on the topic. In 1954, the idea that plastic strains were respon-
sible for fatigue damage was developed independently by Coffin and Manson [20], [21].
They proposed an empirical relationship between the number of load reversals to fa-
tigue failure and the plastic strain amplitude. This led to strain-life fatigue analysis
which is typical today for analysis of high stress loading conditions.
The next period of research developed around the time of the catastrophic failures of
the first commercial jet, the de Havilland Comet aircraft, in 1953-54. Failure analysis
indicated that the failures were due to fatigue cracking aided by stress elevation at
rivet holes located near window openings of the cabin. At that time the role of sub-
critical propagation of fatigue cracks had not been fully appreciated in the aircraft
industry, nor had the methods to correlate the crack propagation to critical failure
been developed. The aircraft industry has been a primary driver behind fatigue re-
search ever since. An important step in this direction occurred in 1957 with Irwin’s
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research proposing that the amplitude of the stress singularity ahead of a crack could
be expressed in terms of the scalar stress intensity factor [22]. Paris, Gomez, and
Anderson expanded this by characterizing fatigue crack growth in terms of the stress
intensity factor suggesting that the fatigue crack advance per cycle (da/dN ) was
related to the range of the stress intensity factor ∆K during constant amplitude load-
ing [23], [24]. Combined with the failure theory of Griffith, this generated the third
major fatigue analysis methodology of linear elastic crack growth (1. stress-life, 2.
strain-life, 3. linear elastic crack growth). Using this methodology relevant research
has been performed to examine factors which affect subcritical crack growth. These
include crack closure effects [25], [26], and the short crack problem where short flaws
grow faster than longer flaws which cannot be characterized by linear elastic crack
growth [27], and the application of small sample test data to complex service con-
ditions. Concurrent to these developments in analysis, primary research growth has
been fueled by the advent of testing apparatuses that allow more detailed character-
ization of fatigued metal. Advances in optical and electron microscopy have allowed
the identification of persistent slip bands [28], fatigue striations [29], and microstruc-
ture changes contributing to initiation. X-ray diffraction has become the primary tool
to validate the effect of residual stresses on fatigue performance [2]. X-ray diffraction
has also been used to directly study fatigue effects by relating diffraction line broad-
ening due to increases in microstrain or dislocation density to the number of fatigue
cycles [30]. Significant effort has been made to characterize the fatigue properties of
the multitude of metal alloys in use today. Details on fatigue and fracture properties
for most structural alloys can be found in the ASM Handbooks [31] and the Metallic
Materials Properties Development and Standardization (MMPDS) report [32].
2.3 Probabilistic Fatigue Analysis
Fatigue life analysis inherently requires strong statistical roots to generate sound
conclusions. Uncertainty exists in the loading profiles, geometry, and the macro- and
micro-state of the material formed by the drilling process as well as the processing
of the base material. These factors can compound to create scatter in the fatigue
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results which complicates analysis. Typically, two approaches are utilized to address
this problem in design: the factor of safety method and the reliability approach [33].
Equivalent numerical values for both approaches can be calculated. Fatigue test or
analytical results are combined with these two methods to set allowable loads and
lives.
Fatigue life data has historically been characterized by two distributions: log normal
and Weibull. Both distributions account for the long tail attributed to the long life
results. Weibull analysis has become the typical distribution of choice for reliability
engineers. The Weibull distribution is actually a family of distributions that are char-
acterized by two or three parameters [34]. The two-parameter Weibull distribution is
parameterized by scale (characteristic life) and shape. The three-parameter Weibull
distribution is parameterized by scale, shape, and offset. Through transformation into
Weibull space the experimental data and confidence intervals can be plotted with the
Weibull distribution represented as a straight line. The fit of the straight line to the
experimental data can be assessed by a least squares or maximum likelihood correla-
tion to determine the suitability of the model to the data. Along with the raw data,
the distribution can be used to predict the performance of the component including
determining lives at the required reliability.
2.4 Summary
From the 1800’s when fatigue was first investigated, fatigue analysis has taken many
strides leading to the three primary methodologies: 1. stress-life, 2. strain-life, 3.
linear elastic crack growth. Today, primary research growth has been fueled by the
advent of testing apparatuses that allow more detailed characterization of fatigued
metal. This work falls into this category as infra-red camera technology advances
have made this work possible. From the fatigue standpoint, the primary advance-
ment from this research is quantification of the physical integrity of the material left
from a drill process and its empirical relationship to fatigue performance. This work
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experimentally quantifies the physical integrity of the material via novel thermal data
collection combined with metallographic analysis techniques. It then relates to fatigue
damage via hypothesis fatigue tests with statistical analysis.
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Chapter 3
Hole Integrity Fatigue Effects
Driven by Thermal History
3.1 Introduction
The material for this study is Grade 5 Ti-6Al-4V produced in the annealed form
to aerospace specification AMS 4911H [35]. Alpha-beta titanium alloys such as Ti-
6Al-4V consist of both alpha and beta phases at room temperature. The alpha
phase is similar to unalloyed titanium (HCP), but alpha stabilizers (Aluminum) are
added for strength. The beta phase is the high temperature phase (BCC) that is
stabilized to room temperature through beta stabilizers (Vanadium) [32]. Ti-6Al-4V
is most commonly used in the annealed form which is consistent with this research.
The primary sources of its strength are substitutional and interstitial alloying in
both the alpha and beta phases [36]. Substitutional solid strengthening is primarily
due to Aluminum while oxygen, nitrogen, hydrogen, and carbon generate interstitial
strengthening. However, it should be noted that the microstructure that creates the
highest strength and ductility is not necessarily the optimum for fatigue and fracture
resistance.
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Table 3.1: Thermally Driven Drill Process Hole Integrity Effects with Fatigue Impact.
Physical
Condi-
tion
Per-
ceived
Cause
Fatigue Impact Assessment
Phase
Change
Thermal Microstructure formed has
different fatigue properties
then base metal
Optical metallography,
Temperature correlation
to CCT diagram, Excise
cracks
Hardness Thermal
and
Plastic
Hardened or softened ma-
terial has different fatigue
properties
Microhardness maps with
temperature correlation
Residual
Stress
Thermal
and
Plastic
Tensile residual stress de-
creases fatigue life, com-
pression increases
No measurement, Litera-
ture Correlations
Micro-
cracks
Thermal
and
Plastic
Seeds for earlier crack initi-
ation
Optical Metallography, Ex-
cise cracks
Inter-
stitial
Buildup
Thermal Different fatigue properties
in affected area
Microhardness, SEM com-
position Analysis
Literature indicates that the fatigue life behavior of Ti-6Al-4V material is most af-
fected by microstructure, texture, and surface treatments [37]. Table 3.1 illustrates
the key fatigue affecting physical conditions which can be thermally induced by
drilling processes and includes the basic effect and the proposed plan to address.
The following sections will explicitly address the expected impact of each of these
physical conditions upon fatigue performance in Ti-6Al-4V.
3.2 Fatigue Impact of Phase Change
For drilling processes, the phase change refers to the change from one microstruc-
ture to another without changing the physical composition. A typical phase diagram
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Figure 3.1: Schematic Phase Diagram of Ti-6Al-4V (Reference [1]).
schematic for alpha-beta titanium alloys is presented in Figure 3.1. After the ini-
tial heating above the beta-transition temperature (980 C), by the drill process, the
metal immediately begins cooling, forming a new microstructure. The properties of
Ti-6Al-4V are an aggregate of the alpha and beta phases. The alpha phase is the
lower temperature phase and the beta phase is the higher temperature phase. Should
microstructure change occur, it is expected that it would be to the lower temperature
phase increasing the alpha content. With knowledge of the thermal history the con-
tinuous cooling transformation curve can be used to predict the new microstructure
localized to the zone heated above transition. A typical continuous cooling transfor-
mation curve for alpha-beta titanium is presented in Figure 3.2.
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Figure 3.2: Schematic Continuous Cooling Transformation Diagram of Ti-6Al-4V
(Reference [1]).
The new microstructure first affects fatigue life through the alpha grain size. De-
creasing the alpha grain size improves the crack initiation life but decreases the crack
growth life. The morphology of the microstructure in Ti-6Al-4V can fall into three cat-
egories: fully lamellar, fully equiaxed, and duplex (primary alpha phase in a lamellar
matrix) [37]. Typical fatigue cracks in fully lamellar structure nucleate at slip bands
within the alpha lamellae or at alpha zones along prior beta grain boundaries. A
decrease in the width of the lamellae increases fatigue life. Fatigue cracks in fully
equiaxed structure nucleate at slip bands within the alpha grains. Thus a decrease
in the alpha grain size increases crack initiation life. Duplex microstructure can nu-
cleate cracks in the lamellar matrix, the interfaces with the primary alpha, or the
primary alpha phase. The crack initiation behavior will depend on the location of
the nucleation. Microstructure change related to phase change was not observed in
this work and thus phase change is not considered a driver in these drilling regimes.
17
3.3 Fatigue Impact of Hardness
Hardness is the measured resistance of a material to mechanical indentation. Hardness
can be affected by both thermal effects and plastic deformation. Thermally age
hardening Ti-6Al-4V decreases fatigue performance which is attributed to loss in
ductility (corresponding to an increase in strength) [37]. Ti-6Al-4V is also known to
work harden which is also expected to decrease fatigue performance due to loss in
ductility. From these observations, it would make sense that due to heat and work
hardening around the hole, the hardness would be high at the hole edge decreasing
to the base hardness away from the hole. However, while examining the surface layer
of machined Ti-6Al-4V, it was observed recently by Che-Heron [38], [39] that the
workpiece was hardest (higher than the base metal) up to 0.01 mm below the surface,
but it was also softer than the base metal at about 0.02 mm below the surface and
then returned to higher than the base metal hardness at 0.07 mm below the surface
before slowly dropping to the base metal by 0.5 mm. Che-Heron attributed this soft
zone to over aging of Ti-6Al-4V. Additionally, it has been noted that an increase in
hardness is seen when alpha case is created by oxygen interstitials.
Che-Heron also notes that the highest near edge hardness occurred when the mi-
crostructure was most disturbed by the machining process. It can be theorized that
the disturbed microstructure may indicate a localized change in crystallographic tex-
ture due to the deformation. Crystallographic texture refers to anisotropic mechani-
cal behavior of an alloy (typical in alpha and alpha-beta alloys). The alpha phase is
hexagonal close packed (HCP) which is by nature anisotropic in mechanical properties
at the crystal level. The four basic crystallographic textures are: basal, transverse,
basal/transverse, and weakly textured. The highest fatigue life can be found for
basal/transverse parallel to the rolling direction. The lowest fatigue life can be found
for transverse perpendicular to the rolling direction [37]. The fatigue coupons for this
study are aligned in the basal/transverse parallel to the rolling direction. It is unclear
what effect the drill process has on the localized texture.
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Recently, hardness has been used with residual stress as a strong surface integrity
fatigue indicator in 0.45%C Steel [40]. Similar correlations have not been found for
Ti-6Al-4V in literature. The work in this research clarifies that in Ti-6Al-4V hardness
is not a good indicator of process effects.
3.4 Fatigue Impact of Residual Stresses
Residual stress refers to a state of stress that exists inside a body after all applied
forces have been removed. The stress state requires self equilibrium, meaning that the
sum of forces and moments through any cross section of the body must be zero. The
basic cause of residual stress is non-uniform strain due to a previous operation. Plastic
deformation, phase transformations, and lattice mismatches all generate non-uniform
strains [2]. Drilling processes can include all of these sources.
Process induced surface condition and residual stresses have long been recognized to
affect the fatigue life. Most recent research examining the effects of metal cutting
on fatigue has focused on residual stresses. It has been more recently noted that
the surface condition effect is often secondary to the effect of the complex variation
of residual stresses induced by the finishing process [41]. Numerous researchers have
observed the impact of machining induced residual stresses on the fatigue performance
[42], [43], [44], [6], [7], [8], [9], [10], [11]. The residual stress in a material affects the
mean stress of a cyclically loaded structure equivalent to a static externally applied
stress [12]. Consequently, tensile residual stresses are detrimental while compressive
residual stresses are beneficial. The fatigue impact depends on the superimposed state
of the cyclic stress gradient and the residual stress gradient. From this it can be noted
that for higher stress cyclic loadings (low cycle fatigue) the residual stress will have
less effect, while for low cyclic loads (high cycle fatigue) the residual stress effect will
be significant. Many researchers have noted observations with regards to machining
and surface stress [45],[46],[47]. Limited measurement techniques exist to measure
machining-induced surface stress accurately [48], [49], [50], [51]. No significant work
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has been found measuring residual stresses in drilled holes as the geometric constraints
inherent in a hole are exceedingly difficult to overcome. As a complementary metal
cutting process to drilling, machining processes can produce very different residual
stress distributions based on the process parameters. In Figure 3.3 the residual stress
distributions for gentle, conventional, and abusive grinding processes are presented
[2]. This figure demonstrates that, by changing the cutting parameters for the same
cutting tool, the residual stress in the critical area close to the surface can be either
compressive or tensile. The general trend is that plastic deformation from the drilling
process tends to induce compressive stress while thermal gradients tend to induce
tensile stresses as shown in Figure 3.4.
Similar to aluminum, Ti-6Al-4V undergoes a non-uniform plastic deformation dur-
ing the quenching. This generates a thermally induced residual stress state with
compression at the surface and tension in the center [52].
Machining-induced stress can be on the same order of magnitude as the process-
ing stress, but is typically isolated to a thin surface layer. The shape and magni-
tude of the machining-induced stress are related to the machining process parameters
[53],[54],[55],[56],[57], and [58]. See also [59] and [60].
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Figure 3.3: Residual Stress Distribution for Grinding Processes (Reference [2]).
21
Figure 3.4: Generation of Residual Stresses in Machined Surfaces (Reference [3]).
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3.5 Fatigue Impact of Microcracks
Microcracks are microscale surface defects created by the drilling process. Microc-
racks can coalesce into a fatigue crack initiation flaw. Microcracks are attributed to
non-uniform thermal and plastic deformation of the workpiece creating small discon-
tinuities. Data is unclear if this is expected in hole drilling processes, but it has been
noted in severe grinding. Microcracks could lead to decreased fatigue life if present.
Optical metallography was used in this work to check for microcracks.
3.6 Fatigue Impact of Interstitial Buildup
Interstitial alloying is a primary source of strength in both the alpha and beta phases
[36]. Oxygen, nitrogen, hydrogen, and carbon generate interstitial strengthening.
Increased oxygen content can act as an alpha stabilizer creating alpha case which is a
known to decrease fatigue life. Alpha case creates a measurable increase in hardness
and can be detected via microhardness testing or chemical analysis and is observable
via optical metallography. Microhardness and optical metallography were used in this
work without observing alpha case.
3.7 Summary
The physical integrity of various thermally induced physical conditions that can be
imparted on the hole by thermal processes alone, even though the drilling process is
thermo-mechanical, are assessed. Phase transformation was assessed by correlating
the temperature to the continuous cooling transformation curve and examining the
microstructure for transformed alpha. Phase change was not observed in this work
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and is not considered a driver in the drilling regime examined. Hardness was in-
vestigated by performing hardness traverses to generate hardness profiles relative to
location through the hole and distance from the hole wall. While hardness impact has
been observed by others in literature, no appreciable change was observed; it is not
considered a driver in this drilling regime (Detailed discussion is available in Appendix
A). Residual stress is not directly addressed, although it is shown that the mechanical
cutting of the metal induces a beneficial compressive stress while the corresponding
thermal effects induce a detrimental tensile stress. Thus, by tracking the temperature
of the processes, this work correlates the potential detrimental residual stress effects
to the higher temperature regimes. Microcracks, typically due to cooling shrinkage,
provide initiation sites accelerating fatigue failure. Microcracks were not observed via
optical metallography or during failure analysis. Interstitial buildup has been shown
to impact fatigue life detrimentally via oxygen pickup causing alpha case which is
brittle and induces earlier fatigue initiation. For drilling processes, alpha case was a
key concern and this was assessed by measuring the microhardness which increases
with oxygen pickup. Additionally, SEM composition analysis was performed on an
extremely high heat hole and no interstitial buildup was observed. As stated earlier,
no microhardness change was observed indicating interstitial buildup is not an issue.
While all the drivers are in place to enable interstitial buildup, the key parameter of
time is lacking as the processes are too short to allow significant diffusion activity.
Thus, residual stress was the only effect that can be induced by heating alone that
did not get ruled out within the operating range of this work.
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Chapter 4
Hole Integrity Fatigue Effects
Driven by Mechanical Inputs
4.1 Introduction
While the previous chapter discussed hole integrity effects driven by thermal history,
this chapter discusses effects driven by mechanical stress. Table 4.1 illustrates the
key fatigue affecting physical conditions which are require mechanical loading and
includes the basic effect. The following sections will explicitly address the impact of
each of these physical conditions upon fatigue performance in Ti-6Al-4V.
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Table 4.1: Mechanically Driven Drill Process Effects with Fatigue Impact.
Physical
Condi-
tion
Per-
ceived
Cause
Fatigue Impact Assessment
Plastic
Defor-
mation
Applied
Stress
Deformed grains can pro-
vide intergranular initia-
tion sites
Optical metallography, Ex-
cise cracks
Surface
Finish
Process Stress risers decrease fa-
tigue performance
Hold within industry specs
Burrs Process Stress risers decrease fa-
tigue performance
Deburr to industry specs
Hole
Geome-
try
Process Increased plastic deforma-
tion at lobes may induce
initiation
Measure hole geometry
4.2 Fatigue Impact of Plastic Deformation
Plastic deformation is induced by the applied shearing stress of the drilling process
and primarily affects the microstructure. As stated previously while discussing phase
change, the morphology of the microstructure in Ti-6Al-4V can fall into three cate-
gories: fully lamellar, fully equiaxed, and duplex (primary alpha phase in a lamellar
matrix) [37]. Typical fatigue cracks in fully lamellar structure nucleate at slip bands
within the alpha lamellae or at alpha zones along prior beta grain boundaries. A
decrease in the width of the lamellae increases fatigue life. Fatigue cracks in fully
equiaxed structure nucleate at slip bands within the alpha grains. Thus a decrease
in the alpha grain size increases crack initiation life. Duplex microstructure can nu-
cleate cracks in the lamellar matrix, the interfaces with the primary alpha, or the
primary alpha phase. The crack initiation behavior will depend on the location of
the nucleation. Also as discussed previously concerning hardness, it can be theorized
that the disturbed microstructure may indicate a localized change in crystallographic
texture due to the deformation.
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Relative to fatigue, fatigue can be broken down into four stages: 1. Damage accu-
mulation, 2. Persistent slip band formation, 3. Intrusions and Extrusions, 4. Crack
initiation and Propagation [12]. The method of plastic deformation in titanium op-
erating at high strain rates is dislocation movement and generation. From this it can
be inferred that higher plastic deformation corresponds to an increase in dislocation
activity. The first and longest stage of fatigue is damage accumulation which consists
of generation of dislocations. Thus, plastic deformation is expected to correspond
to a shorter fatigue life because after drilling there would already be accumulated
damage.
4.3 Fatigue Impact of Surface Finish
Surface finish refers to the roughness of the hole bore. Literature has long recog-
nized that process induced surface condition affects fatigue life. It has been common
practice to polish fatigue coupons when the goal is to isolate the material properties
from the process. A rougher surface provides stress risers which can initiate cracks
[13]. The surface finish of drilled holes is a measurable process parameter normally
recorded. It is not reasonable to polish the holes in this study as the surface effect
of the drill process is the effect of interest. For this work surface finish was recorded
and used as a control factor.
4.4 Fatigue Impact of Burrs
Burrs are a plastically deformed lip of material that forms at the entrance and exit of
holes. Burr height is a commonly measured and recorded process parameter. Similar
to surface finish, burrs act as stress risers and can decrease fatigue life. This effect is
typically alleviated by deburring the specimen to an industry specified edge break.
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4.5 Fatigue Impact of Hole Geometry (Lobing)
Hole geometry refers to the size and cylindricity of the hole. Holes are typically
measured to ensure they meet size tolerances. Cylindricity can also be determined
via contact probe metrology. Data has not been developed to determine if hole
geometry will have impact on fatigue life. Hole geometry is not seen as the primary
driving factor for fatigue but rather as an uncontrollable factor that may need to be
monitored to understand the fatigue variance.
Metallography and measurements of drilled holes indicate that the shape of the hole
is not uniformly cylindrical. Generally the shape of the hole has a ”lobed” shape with
typically one more lobe then the number of flutes on the cutter. Example measure-
ments of a hole form can be seen in Figure 4.1. Prior hole lobing results were compiled
in the research discussed in Reference [61]. When examining the metallography at a
cross section of the hole the deformation of the metal is larger at some locations. It
was suggested that these may be related to the lobes.
28
Figure 4.1: Hole Lobing Characterization.
4.6 Summary
The physical integrity of various physical conditions that require mechanical work to
be imparted are assessed. Surface finish has been shown to impact fatigue life and
is maintained below specification levels. Burrs, if not removed, have been shown to
decrease fatigue life and were removed for this work. Hole geometry was assessed to
see if the shape of the hole corresponded to the initiation sites. It was unknown if there
would be any appreciable impact; the results showed a mild bias in initiation location
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relative to the hole geometry but were not a significant driver in the conclusions.
Plastic deformation is induced by the applied shearing stress of the drilling process.
The mechanisms that can occur in plastic deformation, dislocation movement, grain
structure change, and grain boundary slipping have been noted to impact fatigue life.
Previous efforts to correlate plastic deformation to fatigue life in drilling processes
have failed, because they were not coupled with the thermal effects. This coupling
of the thermal-mechanical process that induces plastic deformation is the keystone
of this effort and provides correlation to fatigue life. Details of the development of
metallography techniques for plastic deformation are included in Appendix A.
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Chapter 5
Hole Formation Temperatures
Methodology
5.1 Introduction
The machinability of titanium alloys is closely aligned with the thermal characteristics
of titanium and the drilling process. Titanium alloys are typically regarded as difficult
to machine or drill. Stephenson and Agapiou [3] note that they maintain high strength
at high temperatures, increasing cutting forces and tool stresses; they produce thin
chips, which increases cutting temperatures and stresses at the tool cutting edge;
they have comparatively low thermal conductivities, which further increases cutting
temperatures; they have a high chemical reactivity with almost all tool materials at
elevated temperatures; due to their thermomechanical properties, they often produce
discontinuous or shear localized chips; they have a low modulus of elasticity, which
can lead to excessive deflection of the work piece and to chatter; they are susceptible
to surface damage during machining and yield poor machined finishes under many
conditions; they may ignite during machining due to the high cutting temperatures
often generated. They recommend low cutting speeds should be used to limit cutting
temperatures; high feed rates should be maintained to avoid surface damage; sharp
tools with positive rake angles and proper clearance should be used to avoid built-up
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edge formation; dwelling of the tool against the workpiece should be avoided to reduce
surface damage; rigid tooling and fixturing setups should be used to avoid excessive
workpiece deflections and chatter.
More specific to drilling they recommend, ”Drilling should be carried out using sharp
drills with high point angles or spiral point geometries. Flood or (preferably) through-
the-tool coolant should be used to dissipate heat. Dwelling of the drill in the bottom
of the hole should be avoided...”
As can be inferred from these notes and recommendations, temperature stands out
as the key factor from a machinability standpoint in hole drilling of titanium alloys.
Trent [62] notes that high temperatures and unfavorable temperature distributions
in the tool limit metal removal rates. Since temperature is a known difficulty with
drilling holes in Ti-6Al-4V and it also has detrimental fatigue impact, this investiga-
tion studied the fatigue impact of the resulting hole drilling temperatures.
5.2 Background
With the utmost importance of temperature to drilling processes, significant effort
has been put into its study through the years. Temperatures in hole drilling have
been measured via embedded thermocouples, tool-work thermocouples, thin wire or
foil thermocouples, temperature sensitive paints, metallurgy, and infrared radiation
[3], [62], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72]. The embedded thermo-
couple method, where the thermocouple is typically routed through the oil hole of
a drill, is the most common means of temperature measurement. This provides a
good measurement at the location on the drill geometry to which the thermocouple is
attached. Concurrent with experiments, numerous analytical methods have been de-
veloped to predict drilling temperatures. The methodologies employed include one or
combinations of semi-infinite body approximations, finite differences, finite elements,
steady state solutions, and transient solutions [3], [62], [73], [74], [75], [76], [69], [71].
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Although excellent correlation has been obtained, the best analytical solutions are
still limited by the available constitutive data for the solution and limited directly
compatible experimental data for the many varying processes to validate the models.
The largest issue is the convective heat transfer data as most analytical solutions are
intended for adiabatic conditions neglecting the impact of cooling which this research
shows is critical.
5.3 Optical Thermography
A radiation (optical) thermometer is a radiometer calibrated to indicate the tem-
perature of a blackbody, the perfect or ideal radiator [77]. The radiometer (infrared
camera) senses the radiant flux emitted by the black body target and via a calibration
routine is used to provide a measurement of the temperature. However, real surfaces
are not perfect radiators, thus the radiant flux measured is not equivalent to the
actual radiant flux emitted by the real surface. Two additional types of interference
complicate the measurement of real surfaces. First, a black body does not reflect
heat, but a real surface does. Therefore, some of the radiant flux measured from a
real surface is actually flux reflected from the surroundings. Second, the atmosphere,
windows, and filters in the line of sight can absorb or emit flux further affecting the
measured radiant flux. Inferring the true temperature of real surfaces is the central
problem in optical thermography.
Any body at a temperature above absolute zero emits thermal radiation in all wave-
lengths and all possible directions. The black body is an idealized model which is
considered to absorb all incident radiation without reflecting, transmitting, or scat-
tering it. The radiation flux from a black body is the maximum flux possible at a
temperature. The fundamental description of the radiation emitted by a black body
is the spectral radiance (Lλ) as defined by Plank’s Law as shown in Equation 5.1,
[78]. Definitions of the fundamental constants are provided in Table 5.1, [77]. From
Planck’s Law, the spectral radiance temperature (Tλ) can be determined. For real
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Table 5.1: Fundamental Physical Constants.
Quantity Symbol Value
Speed of light in vacuum c 299792458 m/s
Planck Constant h 6.6260755x10−34 J*s
Boltzmann constant k 1.380658x10−23 J/K
First radiation constant,
2hc2
c1L 1.1910439x10
−16 W*m2
Second radiation con-
stant, hc/k
c2 0.01438769 m*K
surfaces, Wien’s Law, as shown in Equation 5.2, can be used to convert the spectral
radiance temperature to the true temperature (Ts) as a function of the spectral emis-
sivity (ελ) and the mean effective wavelength (λ). With an infrared camera, these
equations are integrated over a band of wavelengths; the simplified (narrow band)
form is shown here in Equation 5.2.
Lλ = c1L ∗ λ−5 ∗ 1
exp
(
c2
λ∗Tλ
)
− 1
(5.1)
1
Ts
=
1
Tλ
+
λ
c2
∗ ln (ελ) (5.2)
Naturally this leads to the question of how to determine the spectral emissivity of
a real surface. Typically spectral emissivity is not measured. Instead the spectral
reflectance (ρλ = 1− ελ) is measured experimentally for a small sample of the target
material. This is accomplished using an integrating sphere reflectometer or similar
method. From this the spectral reflectance and consequently spectral emissivity is
generated over a range of wavelengths. For experimental measurements, the level
of the spectral emissivity (black body is the maximum of 1) is proportional to the
quality of the temperature measurements. This can lead to difficulties measuring
temperatures in some metals as the reflectance is often very high (e.g. mirror). Often
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this can be alleviated by applying a surface treatment of a consistent and higher emis-
sivity to allow measurement. Atmospheric issues, windows, filters, etc. are handled
by modifying the emissivity value based on their impact on the spectral radiation.
5.4 Experimental Apparatus
For this research, it was decided that the goals of this project could be best met
through a test fixture utilizing the infrared radiation method (optical thermography).
The strengths of this method include immediate results and temperature measure-
ments that are independent of the cutting tool and coolant type. Once the difficulties
measuring a real body are handled, the primary disadvantage is that optical measure-
ments require line-of-sight which makes it difficult to derive the actual temperature
at the hole wall. Historically, this has been handled by creating a peep-hole in the
workpiece that carefully aligns with the intended location of the hole. This allows a
point measurement of the drill interface when it crosses the peep-hole. By carefully
drilling multiple holes with different locations of the peep-hole the temperatures of
the drill process can be mapped. In application, this is a rather tedious process that
has typically limited the use of optical measurements. To avoid the tedious nature, it
was decided to measure the temperature as close to the hole wall as feasible and uti-
lize heat transfer modeling to correlate the measured temperature to a corresponding
hole edge source temperature history. A similar inverse temperature approach has
been demonstrated with good correlation to thermocouple measurements for an end
turning process on thin-walled tubes [79], [80]. As will be mentioned later, the inverse
solution was not effective for this application and an alternate experimental technique
was used to replace the heat transfer solution.
The experimental apparatus developed in this research is installed on a numerically
controlled drilling machine. The whole spectrum of process parameters (with the
exception of high rpm, which is not necessary for titanium) are available. Thrust and
torque feedback is recorded through a rotating dynamometer. Two camera angles are
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facilitated for data acquisition. The top view provides a temperature gradient as a
function of time in the direction of the hole bore. In Figure 5.1 the top view camera
setup is illustrated together with sample data taken in a discovery test. The output
data is a temperature gradient parallel to the drill at the short edge. Three snapshots
of the a single hole being drilled are presented in the figure. In the first snapshot, the
drill has just started into the coupon. The edges of the coupon are marked with the
vertical lines which have dashed lines directing them to the appropriate gradient. The
temperature gradient is a horizontal line across the coupon. The second and third
snapshots operate the same way as the drill progresses through the coupon. These
time phased temperature gradients are expected to be the primary data source for
analyzing the heat transfer drilling problem. As the cutout demonstrates, the hole is
drilled at a short edge distance to the top of the coupon to generate measurements
as close to the hole bore as possible to minimize errors. The boundary condition for
the measurement is taken with the edge of the coupon permitted to transfer heat via
free convection into the air. The second camera angle looks at the coupon from the
exit side as illustrated in Figure 5.2. This view provides a view of the drill traveling
directly at the camera as it progresses through the coupon and breaks out. The top
view technique is the primary data tool for this work.
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Figure 5.1: Primary Setup: Hole Drilling Optical Thermography Fixture (Top View).
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Figure 5.2: Secondary Setup: Hole Drilling Optical Thermography Fixture (Exit
View).
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In discovery tests to validate the test apparatus, data was recorded for both top and
exit views over typical parameters. From the top view, a typical time sequence of tem-
perature gradients is presented in Figure 5.3. This figure illustrates the progression
of the drill left to right through the workpiece without pecking for many incremen-
tal time steps. This sequence is presented for a hole drilled without coolant. With
coolant the temperature slope would be greater as the hole bore back from the cutting
edge would be cooled. From the same set of testing, a timing graph plotting the peak
temperature seen along the gradient as the drill process progresses is presented for
the convection boundary condition in Figure 5.4. This same data can be presented
spatially oriented with location in the hole as shown in Figure 5.5 and overlaid with
the maximum temperature in Figure 5.6. From the overlay plot it can be seen that
the peak temperature moves across the coupon as the drill progresses and is thus
the best estimate of the measured temperature coming from the cutting edges. A
few observations can be made from these timing graphs. First, the drill process does
not reach steady state (an assumption in the heat transfer modeling), although the
temperature does slow its rate of climb. Second, it should be noted that the lower
temperatures on these charts are meaningless since the calibration files did not reach
the lower temperatures due to detector limitations. Additionally, a timing chart for a
pecking process is presented in Figure 5.7. It can be seen that the temperature drops
rapidly during the pecks.
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Figure 5.3: Drill Process Timing Graph Gradients with Time (Top View).
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Figure 5.4: Drill Process Maximum Temperature on Gradient with Time (Top View).
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Figure 5.5: Drill Process Timing Graph Gradients with Location (Top View).
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Figure 5.6: Drill Process Timing Graph Gradients with Maximum Overlay (Top
View).
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Figure 5.7: Drill Process Timing Graph Gradients with Pecking (Top View).
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5.5 Heat Transfer Model
An analytical heat transfer model was utilized to inversely correlate the measured
temperature to the hole edge thermal condition. This model utilizes an analytical
pseudo-steady state moving ring heat source solution as developed by Watts in [4].
This solution is based upon the classic friction slider problem developed by Jaeger [81].
A schematic of the solution is presented in Figure 5.8. This solution assumes natural
convection on the exterior surface of the cylinder to a known ambient temperature
and it assumes that there is zero-flux at the inner surface. Geometrically this solution
assumes drilling into a cylindrical body.
Both of these boundary conditions provide limitations to the application of the so-
lution. First, the inner surface zero-flux boundary condition should be applicable
in the region of the cutting surface, because at this point the convective cooling is
severely inhibited by the cutting tool. Forward of the cutting surface, the model will
diverge as the delta increases between the ”filled” cylinder condition in reality versus
the hollow cylinder modeled. Aft of the cutting surface, the model will diverge as
the thermal condition will be very dependent on the convective cooling. To address
these limitations, the investigator used heat transfer modeling to adjust the peak
measured temperature (corresponding to the location of the cutting heat source); all
other measured temperature points receive the same shift.
The second boundary condition limits the model, because the actual parts being
drilled are not cylinders. Thus, although the cylindrical geometry is applicable to
the inner hole, the thermal distribution rendered it dependent upon the shape of the
real part. For large edge distances the solutions converge, but for short edge distance
arrangements (such as our test apparatus) the geometry effects are significant. To ad-
dress this limitation, finite element models were created with geometries that match
the model and reality. While the pseudo-steady moving heat source situation was
not possible for these models, the steady state solution for a constant heat source on
the inner cylinder surface was simulated. From these models steady-state stationary
heating geometry correction factors were developed to adjust the models to realistic
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Figure 5.8: Pseudo-steady Ring Heat Source Thermal Schematic (Reference [4]).
temperatures for real geometries. In practice, this correction proved to be very sensi-
tive especially at the higher feed rates (farther points from steady-state) and limited
the use of the model.
The investigator examined two options for inversely correlating the measured tem-
peratures to the hole edge thermal condition. The first method utilizes an analytical
pseudo-steady state moving ring heat source solution as developed by Watts [4]. The
second was gradient approximations from the exit view. The Watts solution is based
upon the classic friction slider problem developed by Jaeger [81]. A schematic of
the solution is presented in Figure 5.8. The energy equation is shown in Equation
5.3. The boundary conditions are shown in Equation 5.4. The solution divides the
solution forward and aft of the moving ring as piecewise solutions. The shape of the
solution in pseudo-steady coordinates is shown in 5.9. Forward of the heat source,
the solution developed by Watts is appropriate for this problem. However, aft of the
heat source the boundary conditions chosen by Watts do not account for convection
cooling. Thus aft of the heat source the solution is conservative.
ρcV1
∂T (ζ1, r1)
∂ζ1
= k
{
∂2T (ζ1, r1)
∂ζ21
+
1
r1
∂
∂r1
[
r1
∂T (ζ1, r1)
∂r1
]}
+
Q0
2piR1
δ (r1 −R1) δ (ζ1)
(5.3)
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∂T
∂r1
(ζ1, R1) = 0
−k ∂T
∂r1
(ζ1, R0) = h [T (ζ1, R0)− T0]
∂T
∂ζ1
(±∞, r1) = 0
(5.4)
To solve the problem the variables must be non-dimensionalized as shown in the
variable substitutions in Equation 5.5.
ζ = ζ1
R1
r = r1
R1
θ = T−TeQ0/2piR1k
Pe = 2V1R1ρc
k
Nu = 2hR1
k
R0
R1
= a
(5.5)
Equations 5.3 and 5.4 become as follows after non-dimensionalization by Equation
5.5.
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1
2
Pe∂θ(ζ,r)
∂ζ
= ∂
2θ(ζ,r)
∂ζ2
+ 1
r
∂
∂r
(
r ∂θ(ζ,r)
∂r
)
+ δ (r − 1) δ (ζ)
∂θ
∂r
(ζ, 1) = 0
−∂θ
∂r
(ζ, a) = 1
2
Nuθ (ζ, a)
∂θ
∂ζ
(±∞, r) = 0
(5.6)
The non-dimensionalized form as seen in Equations 5.6 satisfies the Dirichlet condi-
tions and thus the solution can be expanded in the Bessel series as shown in Equation
5.7.
θ (ζ, r) =
∞∑
i=1
[Ai (ζ) J0 (pir) +Bi (ζ)Y0 (pir)] (5.7)
The boundary condition at r=1 requires Equation 5.8.
Ai (ζ) piJ1 (pi) +Bi (ζ) piY1 (pi) = 0 (5.8)
After substitution of the boundary equation for B the solution becomes as shown in
equation 5.9
θ (ζ, r) =
∞∑
i=1
[J0 (pir)− J1(pi)
Y1 (pi)
Y0 (pir)]Ai (ζ) (5.9)
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The boundary condition at r=a requires Equation 5.10. The values of p are derived
from this condition.
pi [J1 (pia)Y1 (pi)− J1 (pi)Y1 (pia)] = 1
2
Nu [J0 (pia)Y1 (pi)− J1 (pi)Y0 (pia)] (5.10)
With the values of p solved, the remaining task is to solve for A; Equation 5.9 is
substituted into Equation 5.6. To accomplish this, the delta function is expanded in
the Bessel series as shown in Equation 5.11.
δ (1− r) =
∞∑
i=1
Ci
[
J0 (pir)− J1 (pi)
Y1 (pi)
Y0 (pir)
]
(5.11)
Substituting the delta equation into Equation 5.6 produces Equation 5.12. This
must be satisfied for all values of A as a function of zeta. Thus A of zeta takes an
exponential form forward and aft of the moving ring heat source and is expressed as
shown in Equation 5.13.
1
2
Pe
dAi (ζ)
dζ
=
d2Ai (ζ)
dζ2
− p2iAi (ζ) + Ciδ (ζ) (5.12)
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4
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+ p2i
]
ζ
ζ > 0
Ai (ζ) =
Ci/2√
(Pe4 )
2
+p2i
exp
[
Pe
4
+
√(
Pe
4
)2
+ p2i
]
ζ
ζ < 0
(5.13)
To solve for C, one must use a Fourier series by first multiplying Equation 5.11 by
Equation 5.14. Then integrate with respect to r from (1,a) as shown in Equation
5.15. This simplifies to a relationship for C as shown in Equation 5.16.
[
J0 (pir)− J1 (pi)
Y1 (pi)
Y0 (pir)
]
rdr (5.14)
Y1 (pi)
a∫
1
δ (r − 1) [J0 (pir)Y1 (pi)− J1 (pi)Y0 (pir)]rdr
= Ci
a∫
1
[J0 (pir)Y1 (pi)− J1 (pi)Y0 (pir)]2rdr
(5.15)
Ci =
[J0 (pi)Y1 (pi)− J1 (pi)Y0 (pi)]Y1 (pi)a2
2
{
[J0 (pia)Y1 (pi)− J1 (pi)Y0 (pia)]2
+ [J1 (pi)Y1 (pia)− Y1 (pi) J1 (pia)]2 p2i
}
− 1
2
[
J0 (pi)Y1 (pi)
−J1 (pi)Y0 (pi)
]2
(5.16)
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Figure 5.9: Pseudo-steady Ring Heat Source Thermal Solution (Reference [4]).
With the values of A and C defined, they can be substituted back into Equation
5.9 and solved by expanding the series. The appropriate solution from the Watts
paper is replicated in Figure 5.9. It should be noted that the normalized solution
shown in Watt’s paper has a parenthesis error which had to be replicated to match
the graph. The text of his paper has the correct normalization. The correct shape
is consistent with Figure 5.9 with a shift when using the correct normalization. This
replication was performed to check the numerical solution implemented in this thesis.
Figures 5.10 and 5.11 demonstrate normalized solutions for the thin cylinder and
thick cylinder for feed rates of 1 inch per minute and 11 inches per minute (1 ipm is
on top). From these plots the exponential shape fore and aft of the heat source can be
seen and the bessel functions in the radial direction are demonstrated. As sensitivity
study on all the heat transfer coefficients was performed, but only nominal values are
presented here.
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Figure 5.10: 0.030” Edge Distance Feed Sensitivity (1 ipm (Top) vs. 11 ipm (Bot-
tom)).
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Figure 5.11: Two Diameter Edge Distance Feed Sensitivity (1 ipm (Top) vs. 11 ipm
(Bottom)).
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With the pseudo-steady moving ring heat source problem solved, the next step was
application to the inverse heat transfer problem to correct for close edge distance
drilling. This is accomplished in three steps. First, the measured temperature at
the outer edge is input into the heat transfer solution and the heat generation Q0 is
calculated from Equation 5.5 as shown in Equation 5.17.
Q0 =
(T (R0)− Te) (2piR1k)
θ (0, R0)
(5.17)
The heat generation Q0 calculated within the limits of the solution is appropriate
for a thin walled cylinder of the thickness of the edge distance. However, if directly
mapped to a cylinder representing a hole with traditional edge spacing, source tem-
perature predicted is nearly ambient. This is because the Q0 necessary to produce a
given temperature on the outer surface is much smaller for a thin cylinder than for
a plate with a hole drilled close to the edge. The plate geometry is idealized as a
lug with two diameter spacing on the other edge distance sides. This geometric dif-
ference is illustrated in Figure 5.12 and is explained by the conduction heat transfer
into the coupon dominating the convection heat transfer into ambient air. This is a
key difference from the work in Reference [79] where this was implemented success-
fully. Lacking an alternative heat transfer solution for a plate with a hole that can
be solved analytically, the researcher proposed a geometric compensation factor. A
commercially available finite element software was utilized to solve the heat transfer
solution for both geometries shown in Figure 5.12 with a constant non-moving bore
heat source Q0 in the steady state condition. From this model the Q0’s necessary to
produce the same temperature at the hole wall source were calculated. This produced
a ratio of 2.95:1 of the plate geometry to the thin cylinder.
By scaling the Q0 generated by the thin ring solution by 2.95, the heat source for
those parameters was generated. Next, this value was inserted into the two diameter
solution of Equation 5.5 and solved for the temperature at the source as shown in
Equation 5.18. It should be noted that the larger the hole spacing the closer the
plate with hole and large cylinder solutions get to each other. However, as the edge
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Figure 5.12: Steady-State Geometry Sensitivity.
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distance grows the number of roots of the bessel function necessary in the radial
direction grows. The two diameter edge distance required 1000 roots and about 2
days of processing time per solution. To deal with this issue, solution tables were
generated over the feed rates experienced and was also generated for the sensitivity
study on the parameters.
T (0, R1) = θ (0, R1)
(
Q0
2piR1k
)
+ Te (5.18)
Using this technique the measured temperatures for the test matrix which will be
discussed in later chapters was translated to the model predicted source temperature.
These results are shown in Table 5.2. As can be seen from the data the solution was
not stable with some temperatures increasing significantly and others dropping sig-
nificantly. This is inconsistent with the observed data and strongly indicated that the
heat transfer model was insufficient. The first significant inadequacy seen is related
to the feed rate. The heat transfer solution assumes that a moving steady state is
reached, while the experimental data does not reach steady state. At the higher feed
rates which are farther from steady state, massive model temperature reductions are
seen. The second issue is the geometric scaling factor. The scaling factor was sta-
tionary and steady state and it is reasonable to predict that it would not be constant
in reality. Last, the boundary condition on the inner surface was treated as adiabatic
which ignores the effect of coolant behind the cutter. The measured temperatures
were very dependent on the coolant and it is reasonable to infer that while the heat
released by the cutting process is invariant at each process, the source temperature
is variant and impacted by the coolant. Typical cutting thermal models make this
same adiabatic assumption which may be reasonable for cutting zone temperatures,
but when considering the surface left behind are inadequate as the time the surface
spends at the cutting zone temperature is very small before it is exposed to coolant
effects.
Using exit view thermography, the temperature gradients were assessed as seen in
Figure 5.13. From this it was determined that the short edge distance concentrates
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Table 5.2: Model Temperature Results for Parameter Matrix.
heat and flattens the temperature gradient indicating that the measured temperature
is similar to the source temperature on the other side of the hole. This exit view data
provided justification to use the top view at 0.762 mm (0.030”) edge distance for this
work.
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Figure 5.13: Close Edge Distance Approximation of Temperature Gradient.
5.6 Summary
Temperature is a critical factor in drilling processes and it is amplified in Ti-6Al-4V
and is a key item that has been lacking in prior fatigue investigations. Literature has
noted that overheating holes has a detrimental effect on fatigue properties. For this
project, an optical thermography test apparatus has been developed and exercised.
An inverse heat transfer solution was assessed to correlate thermal measurements
taken remotely to the cutting zone but was deemed inadequate. Using alternative
exit surface measurements, it was determined that relative temperature measurements
on the top surface of the coupon are sufficient to determine the trends necessary to
correlate to fatigue results. This experimental technique provides data which is not
hindered by the adiabatic cutting zone assumptions of analytical thermal models.
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The typical top view experimental setup is shown in Figure 5.1. The development
of this non-intrusive experimental best practice, to characterize the temperatures in
drilling processes in transient conditions and with coolant, is a significant advance-
ment. This advancement makes it reasonable to include the thermal properties as
a control variable when designing drill processes whereas prior art could not do so
in an industrially efficient manner. While the inverse solution failed, it did provide
guidance necessary to demonstrate the benefits of the new experimental technique.
In this work, this best practice enables more complete characterization of the drill
processes, characterization of drills that cannot be measured using prior techniques,
and rapid screening of a much larger cross section of processes. Additionally, the
experimental technique overcomes the shortcomings inherent in currently available
analytical temperature models.
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Chapter 6
Physical Integrity of Hole Walls
6.1 Experiment Planning
As noted, the discovery metallography investigation indicated focus on four main
variables: Edge Sharpness, Coolant, Cutter Material, and Speed. To exercise these
variables a factorial design of experiments was designed. This design was broken into
two blocks by Cutter Material with no replicates unless the test fixture failed. The
following variables were held at nominal value throughout the test: Feed, Pecking,
Material. The feed was held at 0.002 inches per revolution to create a constant
shearing strain. The processes drilled straight through with no pecking (this makes
for much more stable thermal data). Last, the material was chosen from the same lot
as the hypothesis fatigue coupons were generated and tested at the same thickness
making the results directly compatible. The test matrix of 24 holes is shown in Table
6.1.
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Table 6.1: Metallography Test Matrix.
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6.2 Thermal Results
From the experiment of 24 holes, 19 were physically achievable. All 12 of the carbide
processes were drilled while the less optimal high speed steel cutters were incapable
of the more difficult process parameters. All holes were measured for temperature
via the top view procedure. Temperatures varied from 125 Celsius to 930 Celsius.
This range provides significant coverage of the design space for process parameters
and goes well beyond what would be considered a reasonable process to exaggerate
any physical effects that may appear. In Table 6.2, the matrix with the temperatures
achieved are shown.
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Table 6.2: Metallography Thermal Results.
6.2.1 Thermal Process Parameter Influences
Using typical analysis of designed experiments, the impact of the four process param-
eters were investigated for temperature impact. In Figure 6.1 the main effects are
plotted for RPM, Wear, Coolant, and Cutter type versus temperature. Increasing
RPM increases temperature as expected. Increasing cutter wear increases tempera-
ture as expected. Increasing coolant decreases temperature as expected. Changing
from a carbide cutter to a high speed steel cutter increases temperature as expected.
Thus this test made sense with common knowledge. However, it provides further
63
Figure 6.1: Main Effects Plot for Temperature.
information in a relative ranking of the significance of the four parameters. In order
of significance they ranked Wear, Coolant, RPM, and Cutter. As the purpose of
this thesis is to investigate thermal impact on fatigue, this drives precedence in the
investigation when limiting parameters for the hypothesis fatigue test.
6.3 Metallographic Examination
As discussed in the previous chapter, the metallographic plane chosen for the physical
integrity investigation was the transverse plane near the exit surface. This was chosen
because the transverse plane allowed observation of the grain stretching that occurs
during the drilling process. Because the exit surface achieves the highest temperatures
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and is the location of the best measurements, preparing the sample close to the exit
was chosen. Last, two pictures were taken at 500x magnification to provide enough
material for a good average assessment of the metallic deformation. All 19 of the
holes generated in this study were sectioned, prepared, and assessed.
6.4 Metallography Ratings
Significant effort was expended to develop a quantitative assessment of the physi-
cal damage to the metallic grain structure seen in the micrographs. First, it was
hypothesized that, by carefully marking the depth of disturbance of the grains; the
relative impact of the processes could be measured. This technique had two difficul-
ties. First, no two specimens are alike and it is extremely difficult to assess the depth
of the disturbance. Second, some coupons exhibited significant surface disturbance,
but disturbances did not propagate deep into the material; Others had little surface
disturbances but the disturbance propagated deeper into the material. The depth
of disturbance measurement technique was inappropriate due to inability to handle
these cases. Second, a grain size calculator was investigated to attempt to quantify
the disturbance via grain size differential. This technique, however, was very sensi-
tive to the sample preparation and proved unreliable in this utilization outside its
intended use. Last, it was decided to use a qualitative blind rating system. In this
system each hole received a rating of 1 to 4 with 1 being most similar to the base
metal and the 4 being the most disturbed. Nominally, 1-point was awarded for mi-
nor grain deformation, 2-points for significant grain deformation, 3-points for major
grain deformation, and 1-point additionally if there was a surface layer. Due to the
qualitative nature, the investigator laid out all the micrographs on a large table and
grouped them into four groups awarding 1, 2, 3, and 4 points based on similarity;
The point system was used to determine borderline micrographs.
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Figure 6.2: Metallography Thermal Results (Left: Mild, Right: Severe).
6.4.1 Metallographic Rating Results
Typical results for a mild deformation rating of 1 and a severe deformation rating of
4 are illustrated in Figure 6.2. Table 6.3 presents the parameter matrix including the
metallography ratings. All 19 holes were rated over four process variables. There is
a significant difference between the micrographs; however, it is still a subtle effect to
assess. All 19 micrographs with ratings are presented in Appendix C.
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Table 6.3: Metallography Thermal Results.
Data analysis of the results was broken into three groups. As noted in the experimen-
tal design, there were two blocks based on cutter type. The analysis is broken up into:
1. Both blocks together, 2. Carbide (Type S) cutter only, and 3. High Speed Steel
(Type U) cutter only. The high speed steel block is incomplete due to producibility
issues at the less than optimal processes, but it still produced enough data for analy-
sis. The carbide cutters are closest to best practice for cutting titanium, so they are
the best candidate for the hypothesis fatigue test. All three groups produced similar
trends, thus only the carbide analysis plot results will be presented with the overall
trends summarized across the groups.
Figure 6.3 folds temperature into the analysis as a dependent variable and graphs the
effect of RPM, Wear, and Coolant directly on the metallography rating. Main effect
plots were generated for each parameter to demonstrate the impact on the metallog-
raphy rating. In the top left corner it can be seen that, as the RPM is increased,
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Figure 6.3: Type S Main Effects for Metallography Rating.
the metallography rating becomes less severe. This is counter to expectations as in-
creasing RPM increases temperature and severity of the drilling process; It was not
expected to be beneficial to the physical integrity of the hole. However, this trend
does provide opportunity to increase processes to more aggressive parameters if the
metallographic rating correlates well to fatigue. In the top right corner it can be
observed that, as the cutter progresses from sharp to dull, the metallography rating
increases in severity. This is consistent with expectations. In the bottom left cor-
ner it is observed that, as Coolant is increased from lubricant to flood coolant, the
metallography rating decreases in severity. This is in line with expectations.
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6.5 Physical Explanation of Metallography
Rating Trends
The metallography rating that was observed in these samples can most clearly be
described as plastic deformation of the Ti-6Al-4V substrate at various temperature
conditions. This is often described by the flow stress. The flow stress is exceedingly
difficult to measure in metal cutting processes with the best techniques having signifi-
cant limitations. Similar work has been done using compression tests, but are difficult
to extend to drilling. The author contends that flow stress is a good way to represent
the behavior observed. However, due to the numerous assumptions inherent in using
compression tests to calculate flow stress, it is reasonable to present the metallogra-
phy rating relationship in terms of strain rate and homologous temperature removing
those assumptions. As can be seen in Figure 6.4, the plastic deformation pattern is
observed.
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Figure 6.4: Metallography Rating Contour Plot.
As this trend has significant implications on this research, the question arises as to
why the metallography rating trends as has been noted. To understand this the trends
must be explained in the temperature and the strain rate axes. The temperature axes
is explained by the research in split Hopkinson Bar Technique referenced in [82] which
shows that flow stress is proportional to homologous temperature (due to m=1 in Ti-
6Al-4V). While the SHBT test determines the stress necessary to strain the metal to a
given plastic strain, it is reasonable to conclude that for the same metal cutting input
stress that a material at a temperature that produces a lower flow stress would strain
to a larger plastic strain than a material in a higher flow stress regime. As this flow
stress delta is observed due to the different operating temperatures of the processes,
it is reasonable to expect more plastic deformation at the higher temperature/lower
flow stress conditions. This is observed in the contour plots. The second axis is
more elusive, as it goes contrary to expectation that increasing the strain rate could
lower the plastic deformation observed in the metallography rating. The first thing
to note is that for this data the metal cutting strain is held constant as it is directly
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proportional to the chipload which is maintained constant. Thus, while the strain
rate is higher, there has not been an increase in the input stress load which would
have pointed to an increase in plastic deformation and metallography rating. In metal
cutting, a key parameter is the ratio of total work converted to heating and to plastic
strain. In reference [83] the SHBT is combined with infrared detectors to measure
the induced temperature during strain loading. They show in alpha titanium that
the total work ratio increases as strain rate increases. On our contour plot moving
at a constant temperature along the strain rate axis, the only way for the total work
ratio to increase is for the plastic strain to decrease. The author found very little data
relative to this effect and feels that this is a place where this research contributes to
industry.
6.6 Physical Integrity Conclusions
Details of the hypothesis thermal drilling study and its relationship to physical in-
tegrity as characterized by the metallography rating are presented. Some key obser-
vations were made as to the impact of drilling process parameters on first temperature
and then on physical integrity. As expected from discovery experiments, increasing
RPM increased temperature, increasing cutter wear increased temperature, increasing
coolant decreased temperature, and switching from a carbide cutter to a high speed
steel cutter increased temperature. The order of significance of these parameters on
temperature was: Wear, Coolant, RPM, and Cutter. It was observed that increasing
wear from sharp to dull increased the severity of the metallography rating, increasing
coolant from Lubricant to Flood Coolant decreased the severity of the metallography
rating, increasing the RPM decreased the metallography rating and switching from
the carbide cutter to the less optimal high speed steel cutter increased the severity of
the metallography rating. It was demonstrated that there is an optimal range for the
best metallography rating which corresponds to low temperature and higher relative
strain rates (higher RPM).
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These results indicate that there is a relationship between processing parameters,
temperature, strain rate, and the metallography rating. While this provides guid-
ance as to designing a drilling process for optimal metallography rating, it begs the
question as to the relationship between metallography rating and fatigue life. Fatigue
can be broken down into four stages: 1. Damage accumulation, 2. Persistent slip
band formation, 3. Intrusions and Extrusions, 4. Crack initiation and Propagation
[12]. The metallography rating can best be correlated to plastic strain. The stretched
grains of a severe metallography rating are described by larger plastic strain than
the unstretched grains seen in the low metallography rating. The method of plastic
strain deformation in titanium operating at high strain rates below 600 degrees Cel-
sius is dislocation movement and generation. From this it can be inferred that the
higher more severe metallography rating corresponds to a higher plastic strain and
finally corresponds to an increase in dislocation activity. Conversely the lower less
severe metallography rating would have less dislocation activity. The first and longest
stage of fatigue is damage accumulation which consists of generation of dislocations.
Thus, a higher more severe metallography rating would correspond to a shorter fa-
tigue life, because after drilling there would already be accumulated damage. This is
investigated via fatigue testing for a single strain rate over a range of temperatures.
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Chapter 7
Correlation of Thermo-mechanical
Hole Integrity to Fatigue
Performance
7.1 Hypothesis Fatigue Tests
7.1.1 Design of Experiment
This section discusses the primary fatigue tests to develop influence and interaction
relationships for temperature and hole integrity to fatigue life in Ti-6Al-4V.
7.1.2 Fatigue Test Methodology
Open hole coupon fatigue tests used in this research to demonstrate the predicted
fatigue behaviors of different drill processes. Open hole tests were chosen because
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they eliminate uncontrollable confounding factors inherent in joint tests or filled hole
tests. They also allow determination of crack initiation through eddy current testing.
These tests are constant amplitude fatigue tests performed in accordance with ASTM
E466 (Force Controlled Fatigue Testing) [84]. To maximize the hole process fatigue
data acquired from each coupon, each coupon has a single row of seven equally dis-
tributed circular holes aligned with the loading axis. Holes loaded in tension exhibit a
stress pattern which varies in the radial and angular directions relative to the loading
direction. At the sides of the hole (perpendicular to the loading) the local stress is
greater then three times the section stress and correspond to the expected failure
points in a fatigue test. The stress concentration (Kt) refers to the ratio of the gross
tensile stress applied to the localized maximum stress at the hole which drives crack
initiation. For a constant cross section, due to shielding effects, the Kt at the end
holes is marginally higher than the interior holes. For the proposed coupon with two
diameters center to edge distance and four diameters center to center spacing, the
end hole has a Kt of 3.34 and the intermediate holes have a Kt of 3.29. This indicates
a stress delta of approximately 1.6% with the end holes having a marginally higher
probability of initiating first.
7.2 Experiment Planning
Using the drilling parameter study results, processes had to be downselected for the
hypothesis fatigue test. As noted, the order of significance of the process parameters
on temperature was: Wear, Coolant, RPM, and Cutter Type. Similarly the order of
significance of the process parameters on metallography rating was: RPM, Coolant,
Wear, and Cutter type. While statistically all four parameters were significant drivers
in both outputs, a subset of two parameters was necessary to meet the size and budget
requirements of the fatigue test. It was determined to vary Wear and Coolant over
two levels while holding RPM constant with Type S drills as seen in Figure 7.1. There
was significant debate about including RPM as one of the parameters. The primary
issue is that RPM increases temperature but decreases metallography rating. This
has the strong potential to mask mechanical fatigue effects with temperature increase
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or vice versa due to the opposite trends relative to increased process severity. Both
Wear and Coolant trended the same direction on temperature and metallography
rating giving greater confidence that the fatigue result would not be convoluted by
the mechanical and thermal effects. Subsequent flow stress analysis explained the
strain rate impact on metallography rating; however, it was still logical to pick the
two largest impacts on thermal history.
As noted, Figure 7.1 shows the test plan. Prior to coupon manufacture, an additional
thermal test was performed to hone in the temperature measurements for the fatigue
test. Although thermal measurements are reasonably repeatable, four measurements
were taken for each process chosen for fatigue testing. This allowed confidence in
the thermal measurements and decreased the error in the conclusions to be drawn
from the fatigue test. The fatigue test consisted of four groups of processes with
four replicates of each level. The RPM, Cutter Material, Feed, and Pecking are held
constant and only Wear and Coolant are varied. Temperature varies with the process
variables. The result is a fatigue coupon matrix that ranges from 190 Celsius peak
temperature to 505 Celsius peak temperature. Group D is a baseline conservative
process which is a new sharp cutter with flood coolant. Group B is the same process
still with a new cutter but using lubricant instead of flood coolant which raises the
temperature. Group C is the same process using a dull cutter, but flood coolant is
used. Group A is the extremum which is the same process with a dull cutter and
using lubricant instead of flood coolant.
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Figure 7.1: Fatigue Test Plan.
7.3 Fatigue Test Results
Sixteen Ti-6Al-4V fatigue specimens, 35.5 cm (14”) long x 2.54 cm (1”) wide x 1.0
cm (0.4”) thick, containing seven open holes centered on the specimen width and
arranged longitudinally were tested. Details of the manufacture are presented in
Appendix B. These sixteen multi-open hole fatigue coupons were tested under load
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Figure 7.2: Raw Fracture Results.
control at room temperature per ASTM E466-07 [84]. The specimens were subjected
to constant amplitude testing with an R-ratio of -0.2 and a peak net stress of 221
MPa (32.11 ksi) corresponding to a load of 56.9 kN (12.8 kips) peak and -11.6 kN
(-2.6 kips) minimum at 10 hertz. One coupon was tested at 200 MPa (29.05 ksi) net
stress and required analysis to bring it to the 221 MPa (32.11 ksi) of the rest of the
coupons. 221 MPa (32.11 ksi) corresponds to a kt*sigma of 724 MPa (105 ksi) and
200 MPa (29.05 ksi) corresponds to a kt*sigma of 655 MPa (95 ksi). 7.2 shows the
results for the coupons at 724 MPa (105 ksi). It should be noted that all coupons
shown are at 724 MPa (105 ksi); they are just plotted slightly higher so they can be
viewed together. In Group D, one coupon was tested at 655 MPa (95 ksi) and fatigue
crack initiation curves were used to generate a 724 MPa (105 ksi) result. The crack
initiation curve came from [85] and was shifted by stress and by life, and the lower
life answer was chosen.
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Table 7.1: Eddy Current Crack Site Inspections.
7.4 Expansion of Fatigue Test Data
To expand the data set beyond the 16 failure points, the unfailed holes were inspected
for secondary cracks that had not gone critical. An eddy current crack detection sys-
tems was used which detects cracks by finding discontinuities in the surface current
flow. The location and length of each additional crack was documented. Eight addi-
tional crack locations were found using this technique as shown in Table 7.1.
To use this additional test data, the results need to be adjusted so that the failure
points and the additional crack initiation points are in the same reference. To do this,
crack growth analysis was performed to determine the crack growth rate from a 0.127
mm (0.005”) flaw to critical crack failure. As is typical, the growth rate needed to be
calibrated to the experiment. To do this, the average failure life of all the coupons
was used and the crack growth was adjusted to be equal to 1/3 of the overall average
life with the desired crack initiation life accounting for 2/3 of the total life. This
provides a lookup chart which contains cycles paired with crack length. Using this
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lookup chart, the investigator subtracted the crack growth cycles consistent with the
critical crack length for the failures and the measured crack length for the additional
initiations. Thus the original 16 data point set is expanded to 24 crack initiation
fatigue lives as seen in Figure 7.3.
Concurrent with this data expansion, statistical methods were used to further shift
the data. Statistically, a 7-hole coupon will have a shorter average life than a 1-hole
coupon. This is because the coupon will fail at its weakest link, and a 7-hole coupon
randomly selects 14 points from the hole integrity distribution while the 1-hole coupon
only selects 2 (each side of the hole). The statistical technique used to rectify this
difference is called censoring. A censor refers to a data point that did not fail but
was stopped due to the failure of another point. Thus a coupon like 2-4 would have
3 initiation points and 11 censored points. Using median ranks the censors can be
included in the data set to find the best fit Weibull distribution for the data. From
this system, the median of the Weibull distribution would correspond to the actual
median of a very large data set of single point coupons. The Weibull medians are
plotted with the expanded initiation data in Figure 7.3.
Some initial observations can be made. Group D (the conservative process: Sharp,
Coolant) has the longest mean and median lives. Groups A,B, and C have similar
mean and median lives. The variance is largest in Group D. Since it has been noted
that variation increases with life in fatigue tests, this will be addressed by coefficient
of variation. The coefficient of variation is the variation divided by the average life
in the group.
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Figure 7.3: Expanded Initiation and Weibull Data.
7.4.1 Main Effect Plots (Fracture)
The main effects plot graphs the impact of the process parameters on the dependent
variable. Figure 7.4 shows the main effects of Cutter Wear and Coolant on the
fatigue fracture life. As previously, fracture data, initiation data, and Weibull data
are consistent across the three data sets. Going from a sharp to dull cutter decreases
life. Increasing coolant from lubricant only to flood coolant increases life. As noted
previously, going from sharp to dull also increased temperature and increased the
severity of the metallography rating and going from lubricant to coolant decreased
temperature and decreased the severity of the metallography rating. Therefore, all
trends relating temperature, metallography rating, and fatigue life trend together in
the expected manner. In all these cases, going to a less beneficial process in both
temperature and metallography rating had a corresponding decrease in fatigue life.
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Figure 7.4: Fracture Main Effects Plot.
And the converse, going to a more conservative process in both temperature and
metallography rating had a corresponding increase in fatigue life.
7.5 Fatigue Test Variance Analysis
7.5.1 Fatigue Variance
As previously discussed, there was a notable increase in variance between the shorter
and longer life coupons. To address this, the data was normalized using the Coefficient
of Variation. This is the Variation divided by the Average for that set of coupons.
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As this did not collapse the variation, the increase in variation cannot be attributed
solely to the natural increase in variation of fatigue data with increase in life indicating
a potential change in fatigue mechanism. Thus, it is a meaningful attribute of the
fatigue performance that can be related to the thermal-mechanical history.
7.5.2 Main Effect Plots (Variance)
The main effects plot graphs the impact of the process parameters on the dependent
variable. Figure 7.5 shows the main effects of Cutter Wear and Coolant on the
coefficient of variation. As previously, fracture data, initiation data, and Weibull
data are consistent across the three data sets. Going from a sharp to dull cutter
decreases coefficient of variation. Increasing coolant from lubricant only to flood
coolant increases the coefficient of variation.
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Figure 7.5: Coefficient of Variation Main Effects Plot.
7.6 Statistical Assessment
The fatigue test consisted of four groups of processes with four replicates of each level.
The RPM, Cutter Material, Feed, and Pecking are held constant and only Wear and
Coolant are varied. Temperature varies with the process variables. The result is a
fatigue coupon matrix that ranges from 190 Celsius peak temperature to 505 Celsius
peak temperature as shown in Figure 7.1. Group D is a baseline conservative process
which is a new sharp cutter with flood coolant. Group B is the same process still with
a new cutter but using lubricant instead of flood coolant which raises the temperature.
Group C is the same process using a dull cutter, but flood coolant is used. Group
A is the extremum which is the same process with a dull cutter and using lubricant
instead of flood coolant.
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The fatigue results are summarized in Figure 7.3. Group D (the conservative process:
Sharp, Coolant) has the longest mean and median lives. Groups A, B, and C have
similar mean and median lives. The variance is largest in Group D. Since it has been
noted that variation increases with life in fatigue tests, this was addressed using the
Coefficient of Variation and the Weibull Shape parameter. While the conservative
baseline group has a strong indication of a longer life than the three more aggressive
processes, it borders on being statistically significant to 95% confidence (Detailed
assessment in Appendix B. The remaining three processes have fatigue results that
are not statistically different. These fatigue results are consistent with the physical
integrity (metallography rating) results which demonstrate that the coupons were
selected along a continuum that should expect to see different results, but the spacing
between the groups is not as large as the process parameters would indicate.
7.6.1 Survival Analysis
As noted in earlier sections, the data is reasonably well described by Weibull distri-
butions, this is shown in Figure B.7 in the top right corner. The probability density
function, the survival function, and the hazard function are also shown for the fitted
distribution. Being in the Weibull family is indicated by straight lines. It is a bit
difficult to tell with relatively few points, but in general it is a decent approximation.
Parallel lines mean that the shape parameter (the second parameter of the Weibull
survival function) is equal across the test sets. Should all the lines be parallel the
data would satisfy the proportional hazards assumption. The 190 Celsius and 310
Celsius groups appear parallel, but the 505 Celsius and 325 Celsius are clearly not.
The farther to the to the right that the lines shift means longer survival. Thus, we
can say that the 190 Celsius survival times are longer than the corresponding 310
Celsius survival times. The steeper slope of the 325 and 505 Celsius plots indicates
that the fitted survival times are much less variable than the longer life survival times.
In essence this means that mean time before failure and variability in time to failure
must both be accounted for in the survival analysis. This Weibull model provides a
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Figure 7.6: Distribution Overview Plot for Fatigue Initiation.
decent form of survival function, however, since the shape parameter is not constant
across treatments, no hypothesis tests are available to compare the groups. However,
this does not preclude it as a model.
7.6.2 Summary
Beyond the basic tests of mean and variance, the data sets were statistically tested
to determine their significance. It is noted that there is a difference in the mean
time before failure, however, in general, the statistical tests indicate that, while the
baseline result is different than the remaining three, it is not significantly different in
most cases; this indicates that the mean time to failure is operating on a continuum
as opposed to a step jump in performance. The three parameter Weibull model fit the
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data well, however, the shape parameter was not constant across the groups. Because
it is not constant across the groups it was not feasible to do statistical tests based on
the Weibull distributions. This change in shape parameter is not typical across most
fatigue data sets indicating that this change has significance for the conclusions of
this work.
7.7 Failure Analysis
In this section, the failure analysis results are reviewed. A subset of the fatigue
coupons were examined as shown in Figure 7.7.
Figure 7.7: Failure Analysis Selections.
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7.7.1 Optical Metallography
To assess the fatigue failures, the first step was optical pictures of the fracture zone.
Figures 7.8, 7.9, 7.10, 7.11, 7.12, and 7.13 present optical microscopy of the six
detail samples in ascending order based on fatigue life. The top half of the figures
examines the actual fracture surface. The top left is low magnification, the top right
is high magnification. Additionally, all 16 fractures are documented in this manner
in Appendix D. For the bottom half, the coupons are turned 90 degrees and ground
in the direction of the hole bore till the preparation surface is aligned with the depth
of the initiation site. The bottom half figures examine the microstructure of the
same coupon at the initiation site in the transverse direction. The bottom left is low
magnification and the bottom right is high magnification.
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Figure 7.8: Optical Metallography Coupon 1-5, Group C, Dull, Coolant, Short Life
110103 Cycles.
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Figure 7.9: Optical Metallography Coupon 1-9, Group D, Sharp, Coolant, Short Life
133965 Cycles.
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Figure 7.10: Optical Metallography Coupon 2-1, Group A, Dull, Lubricant, Short
Life 139552 Cycles.
90
Figure 7.11: Optical Metallography Coupon 1-1, Group A, Dull, Lubricant, Long Life
196095 Cycles.
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Figure 7.12: Optical Metallography Coupon 1-2, Group B, Sharp, Lubricant, Long
Life 224239 Cycles.
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Figure 7.13: Optical Metallography Coupon 1-10, Group D, Sharp, Coolant, Long
Life 322505 Cycles.
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7.7.2 Scanning Electron Microscopy
The next step in assessing the fatigue failures was scanning electron microscopy for
the four key samples. A series of micrographs, most using secondary imaging, were
generated. Detailed presentation is available in Appendix B. No significant findings
were made.
7.7.3 Failure Analysis Conclusions
No irregularities, such as inclusions, voids, or notches, were observed in the material
at initiation sites. The fatigue surface morphology was consistent across the groups
with no indication of subsurface initiation sites and with all coupons initiating on the
surface. No abnormalities or differences were seen between the coupons examined.
As there was nothing inconsistent with typical fatigue failure, it is concluded that,
despite the shape parameter difference, the data as observed is consistent across the
experiment.
7.8 Fatigue Results Summary
The fatigue test consisted of four groups of processes with four replicates of each level.
The RPM, Cutter Material, Feed, and Pecking are held constant and only Wear and
Coolant are varied. Temperature varies with the process variables. The result is a
fatigue coupon matrix that ranges from 190 Celsius peak temperature to 505 Celsius
peak temperature as shown in Figure 7.1. Group D is a baseline conservative process
which is a new sharp cutter with flood coolant. Group B is the same process still with
a new cutter but using lubricant instead of flood coolant which raises the temperature.
Group C is the same process using a dull cutter, but flood coolant is used. Group
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A is the extremum which is the same process with a dull cutter and using lubricant
instead of flood coolant.
The fatigue results are summarized in Figure 7.3. Group D (the conservative pro-
cess: Sharp, Coolant) has the longest mean and median lives. Groups A, B, and C
have similar mean and median lives. The variance is largest in Group D. Since it
has been noted that variation increases with life in fatigue tests, this was addressed
using the Coefficient of Variation and the Weibull Shape parameter. While the con-
servative baseline group has a strong indication of a longer life than the three more
aggressive processes, it borders on being statistically significant to 95% confidence.
The remaining three processes have fatigue results that are not statistically differ-
ent. These fatigue results are consistent with the physical integrity (metallography
rating) results which demonstrate that the coupons were selected along a continuum
that should expect to see different results, but the spacing between the groups is not
as large as the process parameters would indicate.
Beyond the basic tests of mean and variance, the data sets were statistically tested
to determine their significance. It is noted that there is a difference in the mean
time before failure, however, in general, the statistical tests indicate that, while the
baseline result is different than the remaining three, it is not significantly different in
most cases; this indicates that the mean time to failure is operating on a continuum
as opposed to a step jump in performance. The three parameter Weibull model fit the
data well, however, the shape parameter was not constant across the groups. Because
it is not constant across the groups it was not feasible to do statistical tests based on
the Weibull distributions. This change in shape parameter is not typical across most
fatigue data sets indicating that this change has significance for the conclusions of
this work.
No irregularities, such as inclusions, voids, or notches, were observed in the material
at initiation sites. The fatigue surface morphology was consistent across the groups
with no indication of subsurface initiation sites and with all coupons initiating on the
surface. No abnormalities or differences were seen between the coupons examined.
95
As there was nothing inconsistent with typical fatigue failure, it is concluded that,
despite the shape parameter difference, the data as observed is consistent across the
experiment.
96
Chapter 8
Results and Conclusions
8.1 Results
The determination of the fatigue performance resulting from drill processes in Ti-
6Al-4V is a two step process. The first step is to relate the drill process parameters
to the physical integrity of the hole. This research takes this step by experimentally
correlating the thermal history to the physical integrity of the hole. The second step
is to determine the relationship between the physical integrity of the hole and the
fatigue performance which has been unachievable due to incomplete definition of the
physical integrity. This work accomplishes this via hypothesis fatigue testing based
on demonstrated thermal drilling processes and thorough assessment of the physical
integrity.
Fatigue research has been fueled by the advent of testing apparatuses that allow
more detailed characterization of fatigued metal. This work falls into this category
as infra-red camera technology advances have made this work possible. From the
fatigue standpoint, the primary advancement from this research is quantification of
the physical integrity of the material left from a drill process and its empirical rela-
tionship to fatigue performance. The physical integrity of various thermally induced
physical conditions that can be imparted on the hole by thermal processes alone, even
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though the drilling process is thermo-mechanical, are assessed. Phase transformation
was assessed by correlating the temperature to the continuous cooling transforma-
tion curve and examining the microstructure for transformed alpha. Phase change
was not observed in this work and is not considered a driver in the drilling regime
examined. Hardness was investigated by performing hardness traverses to generate
hardness profiles relative to location through the hole and distance from the hole
wall. While hardness impact has been observed by others in literature for related
processes, no appreciable change was observed; it is not considered a driver in this
drilling regime. Microcracks were not observed via optical metallography or during
failure analysis. SEM composition analysis was performed on an extremely high heat
hole and no interstitial buildup was observed. Also, no microhardness change was ob-
served indicating interstitial buildup is not an issue. While all the drivers are in place
to enable interstitial buildup, the key parameter of time is lacking as the processes
are too short to allow significant diffusion activity.
Surface finish has been shown to impact fatigue life and is maintained below spec-
ification threshold levels. Burrs, have been shown to decrease fatigue life and were
removed for this work. Hole geometry was assessed to see if the shape of the hole
corresponded to the initiation sites. The results showed a mild bias in initiation loca-
tion relative to the hole geometry but were not a significant driver in the conclusions.
Plastic deformation is induced by the applied shearing stress of the drilling process.
Previous efforts to correlate plastic deformation to fatigue life in drilling processes
have failed, because they were not coupled with the thermal effects. This coupling
of the thermal-mechanical process that induces plastic deformation is the keystone of
this effort and provided correlation to fatigue life. Temperature is a critical factor in
drilling processes and is a key item that has been lacking in prior fatigue investiga-
tions. For this project, an optical thermography test apparatus has been developed
and exercised. An inverse heat transfer solution was assessed to correlate thermal
measurements taken remotely to the cutting zone but was deemed inadequate. It was
determined that relative temperature measurements on the top surface of the coupon
are sufficient to determine the trends necessary to correlate to fatigue results. This
experimental technique provides data which is not hindered by the adiabatic cutting
zone assumptions of analytical thermal models. The development of this non-intrusive
experimental best practice, to characterize the temperatures in drilling processes in
98
transient conditions and with coolant, is a significant advancement. This advance-
ment makes it reasonable to include the thermal properties as a control variable when
designing drill processes whereas prior art could not do so in an industrially efficient
manner. In this work, this best practice enabled more complete characterization of
the drill processes, characterization of drills that cannot be measured using prior
techniques, and rapid screening of a much larger cross section of processes.
Increasing RPM increased temperature, increasing cutter wear increased temperature,
increasing coolant decreased temperature, and switching from a carbide cutter to a
high speed steel cutter increased temperature. The order of significance of these
parameters on temperature was: Wear, Coolant, RPM, and Cutter. It was observed
that increasing wear from sharp to dull increased the severity of the metallography
rating, increasing coolant from Lubricant to Flood Coolant decreased the severity of
the metallography rating, increasing the RPM decreased the metallography rating
and switching from the carbide cutter to the less optimal high speed steel cutter
increased the severity of the metallography rating. There is an optimal range for the
best metallography rating which corresponds to high flow stress (low temperature)
and higher relative strain rates (higher RPM).
The metallography rating can best be correlated to plastic strain. The method of
plastic strain deformation in titanium operating at high strain rates below 600 degrees
Celsius is dislocation movement and generation. From this it can be inferred that the
higher more severe metallography rating corresponds to a higher plastic strain and
finally corresponds to an increase in dislocation activity. Thus, a higher more severe
metallography rating would correspond to a shorter fatigue life, because after drilling
there would already be accumulated damage.
The fatigue results the conservative process (Sharp, Coolant) has the longest mean
and median lives. Groups with more aggressive wear and coolant/lubricant combina-
tions have similar mean and median lives.
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The conservative baseline group has a strong indication of a longer life than the three
more aggressive processes. The remaining three processes have fatigue results that
are not statistically different. These fatigue results are consistent with the physical
integrity (metallography rating) results which demonstrate that the coupons were
selected along a continuum that should expect to see different results, but the spacing
between the groups is not as large as the process parameters would indicate.
8.2 Conclusions
The fatigue results and key characteristics of this body of work are two fold: the
nominal cycles to failure, and the variation in failure cycles in each group. Both
characteristics have been covered to assess the influences of process parameters. Sta-
tistical models of fatigue based on Weibull statistics are reasonable since fatigue will
occur at the weakest defect in the material. Figures 8.1 and 8.2 present Weibull
distribution data for the fracture and initiation results. It is reasonable to use the
Weibull distribution as a model since the lowest correlation parameter for the Weibull
distribution was 0.89 and the average was 0.94. Within the Weibull model, nominal
time to failure is characterized by the scale factor and the variation is characterized
by the shape factor. Table 8.1 presents the scale and shape parameters for the fatigue
data set. It should be noted that, while in reality, initiation always happens before
fracture and the raw data concurs with this; because the Weibull model includes cen-
sors and unequal numbers of initiation points, the Weibull scale value is not always
shorter for initiation. In a larger data set this inconsistency would be rectified.
Table 8.1: Summary of Processes and Weibull Parameters.
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Figure 8.1: Weibull Distribution Statistics for Fracture.
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Figure 8.2: Weibull Distribution Statistics for Fatigue Initiation.
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With selection of the Weibull model for the fatigue data, explanation of the Weibull
parameters within the experimental data and the research objectives naturally follow.
The main research objective is to correlate drill process thermal histories to fatigue
life in Ti-6Al-4V. To this end, the Weibull Scale Parameter for Fracture and Fatigue
Initiation versus the Homologous Temperature are shown in Figures 8.3 and 8.4. The
scale parameters are for the baseline strain rate. On the right hand axis, the inverse of
the Metallography Rating is also plotted versus the Homologous Temperature for the
baseline, 2*baseline, and 3*baseline strain rates. There is a similar trend between the
scale parameter and the inverse of the metallography rating. In the physical integrity
section it was inferred that the metallography rating corresponds to the plastic strain
in the material resulting from the drilling process. These results show the correlation
between plastic strain and fatigue life. The plastic strain induced is a function of the
temperature and strain rate as discussed in the preceding chapter.
Figure 8.3: Trend Comparison: Weibull Scale and 1/Metallography Rating (Grouped
by Sharpness).
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Figure 8.4: Trend Comparison: Weibull Scale and 1/Metallography Rating (Grouped
by Coolant).
The shape parameters are plotted versus temperature in Figure 8.5 and 8.6. First,
the shape parameter is not constant across the fatigue data set. Second, the shape
parameter exhibits the largest change relative to the coolant type for both sharp
and dull cutters. This is illustrated in Figure 8.5 where an increase in homologous
temperature of the process corresponds to an increase in shape parameter. In fatigue
data it is typically expected to find a constant shape parameter. As a consequence of
this, statistical testing is not possible on the Weibull data, but that does not preclude
it as a model. In Reference [86], it is noted that the shape parameter dictates the
degree to which a material’s failure is stochastic versus deterministic. The higher
the shape parameter the more deterministic a material is, meaning that its failure
is driven by a local stress intensity which results in lower fatigue life variability. If
the shape parameter is lower, the fatigue life will be more stochastic. Relating this
back to the data, since the same lot of material was used for all the fatigue coupons
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Figure 8.5: Trend Comparison: Weibull Shape (Grouped by Sharpness).
and the shape parameter was not constant, it provides evidence of a change in failure
mechanisms. The shape parameter broke into two groups indicating the possibility of
two initiation mechanisms these two groupings must be related back to their inputs.
From the data, as seen in Table 8.1, it can be seen that the two groups split based
most strongly on coolant type, which has as strong relationship to temperature. The
processes that had Lubricant had a much higher shape parameter indicating a more
deterministic fatigue behavior. The processes that had Coolant had a lower shape
parameter indicating a more stochastic fatigue behavior.
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Figure 8.6: Trend Comparison: Weibull Shape (Grouped by Coolant).
This change in fatigue behavior between Coolant and Lubricant has a weaker rela-
tionship with the plastic strain via the metallography rating. While the shape data
trends upward with homologous temperature similar to plastic strain, as seen in Fig-
ure 8.5, it does not pick up the asymptotic effect seen in the plastic strain results. It is
not unreasonable to surmise that while these trends do not perfectly correlate to the
metallography rating, they do show a clear relative change between mild and severe
metallography rating regimes. This change provides guidance on the implications of
designing a drill process in each regime. While the more severe metallography rating
regimes have a lower life, when cost analysis is used, it may be beneficial to operate
in those regimes, because the process can be more efficient and the resulting fatigue
performance has less variability.
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The final objective of this work is to provide guidance for drill process development.
From the scale factor results, it can be inferred that designing drill processes to
operate in the thermo-mechanical zones that impart low plastic strain is advantageous.
This can be accomplished by operating at higher strain-rates while still keeping the
temperature low. As higher strain rates correlate to higher RPM drill processes, this
is a positive finding. In this study, the feed was kept proportional to the RPM so
that a constant chipload was maintained, therefore doubling the RPM doubles the
feed and halves the process time. This implies the ability to increase from 30 surface
feet per minute to 60 sfm or 90 sfm. Changing the chipload by increasing the feed
non-proportional to RPM changes the plastic strain input for the process, but was
not tested here. However, as faster drill processes also correlate to an increase in
temperature, an effective coolant is necessary to achieve this productivity increase
and keep in the correct plastic strain zone. Expansion of the fatigue data set to the
higher strain rates will close the loop on this question.
8.3 Future Work
While this body of work provides guidance as to the relationship between process
parameters and the plastic strain imparted and then the relationship to fatigue life,
there is still opportunity for further work to develop an industry practice. In indus-
trial practice, it is not efficient to perform a sensitivity study comparing the fatigue
performance to downselect a specific drill process. Currently, the drill processes are
evaluated over a range and assessed for hole quality by looking at the surface finish,
burr height; and the cutter wear is assessed by measuring the wear lands. The drill
process is optimized to find the best combination of speeds and feeds that meet those
criteria and minimize cost. Then the downselected process is fatigue tested to see if
it meets requirements. This current process provides no direct guidance as to where
in the fatigue regime the process is located prior to fatigue testing. The positive
correlation between temperature and plastic deformation and the fatigue life in this
work combined with the thermal and metallurgical techniques mesh cleanly with the
current process and allow significant improvements.
107
First, this work has demonstrated a simple means to measure the thermal properties of
a drilling process allowing it to be incorporated into the normal drill process sensitivity
study seamlessly. Second, after expanding the fatigue and metallography rating data
based on strain rate and flow stress to cover higher strain rates as well as additional
intermediate data points, the temperature measurements will allow location of each
of the processes on the guidance chart to see what regimes they represent. From
here the cost analysis can be performed that includes risk mitigation by ensuring
that the process is fully in the desired range as well as assessment of the fatigue
impact of operating in that range. With the cost benefit performed, as subset of
the tested processes that are most favorable can be prepared for metallography to
provide experimental data as to how well the plastic deformation data matches the
guidance chart. This data would then be added to the guidance chart. Finally, as this
is not yet a substitute for demonstrated fatigue performance, the fatigue test can be
performed on one best process without iterating on the fatigue results. The fatigue
results would then be added to the fatigue database to further expand the quality
of the guidance chart. As this database expands it provides additional assistance by
allowing quicker assessment of process changes and evaluation of process deviations.
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Appendix A
Discovery Experiments
A.1 Experimental Design
On the macro-scale this research project is a compilation of two key experiments as
illustrated in the flow chart (Figure 1.1 in Chapter 1). The first experiment corre-
lates the drill process parameters to temperature and physical integrity. The second
experiment correlates the hole temperature and physical hole integrity to fatigue
performance (Figure A.1). While both experiments are key in fulfilling the stated
objective, ”...correlating drill process thermal histories to fatigue life in Ti-6Al-4V”,
the primary research goal is to get a strong handle on the second experiment correlat-
ing hole integrity and temperature to fatigue lifetime as this is the key performance
indicator. From this correlation, minimum acceptable temperature and hole integrity
limitations were derived to ensure expected fatigue performance. The correlations
for the first experiment focused on generating process parameter limits that generate
acceptable/predictable temperature and hole integrity and thus fatigue. The data
from these experiments provided meaningful targets to refine and utilize the more
detailed numerical models in industry allowing significant refinement of the recom-
mended limits, and a general description of an optimal process.
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Figure A.1: Primary Focus of Research Process.
A.2 Discovery Tests
In the same vein as previous work and as well stated in [87]: ”This project includes
discovery experiments and hypothesis generation experiments to correlate ...” ther-
mal history to fatigue life. ”The discovery experiments lay the foundation for more
rigorous types of experiments where the hypotheses they generate are subject to more
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rigorous assessment and refinement [88]. Discovery experiments involve providing in-
novative concepts, technologies or other elements in a setting where their use can
be observed and cataloged. The goals of discovery experiments are to generate new
ideas, identify potential benefits, generate ideas about the best way to employ the
innovations, and identify the conditions where the benefits may not be available. Hy-
pothesis testing experiments are the classic type used to falsify or discover limiting
conditions. They are also used to test systems of consistent related hypotheses that
attempt to explain some domain of knowledge. Hypothesis testing experiments build
knowledge or refine our understanding of a knowledge domain.”
Three discovery tests have been performed to develop the optical thermography test
fixture and data acquisition methodologies. These tests sought to determine the
applicable limitations of this methodology and to develop the best setup for the task.
The first discovery test drilled a small sample of holes while measuring temperature
from the exit view to prove the concept. The thermal results were promising, en-
couraging the research to proceed using optical thermography as the temperature
measurement device. A few significant observations were made. First, due to the
pointed shape of the drill cutting point, it is difficult to discern the temperatures
at the hole edge. This is particularly difficult with a step drill. Pixelation further
complicated the readings. Second, due to the frame rate of the camera used (60 hz
max), the data capture rate could not keep up with the drill feed rate. This creates
significant scatter in the measurements as the depth of the drill in the hole varies sig-
nificantly from frame to frame. Despite these limitations, general trends were readily
available.
To address the limitations of the exit view process, the second discovery test examined
the top view. This test also incorporated a new camera which, by slimming the
window, could reach a frame rate of 1000-2000 Hz allowing frames in the area of
every three degrees of rotation from the top view. From the exit view the window
could not be as small, thus 200 Hz was about the max frame rate. The test fixture
for this test was discussed previously. This setup were incorporated for the data
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acquisition for the rest of this research program. The primary results from this test
were that the pixelization limitation was eliminated through the use of close-up rings
on the lens, and the successful measurement of the process history at the top edge of
the coupon.
A.3 Drilling Process Parametric Study
Discovery Test
The next discovery test was a parametric drilling process study. The goal of this test
is to record data for drill processes over a range of parameter choices to develop the
best combinations of parameters for the physical evaluation leading to the hypothesis
fatigue test. This test replicated a large spectrum of processes to determine tem-
perature and hole form control variable setting levels and to develop influence and
interaction relationships for key process parameters to temperature and hole integrity.
Significant work has been done to correlate process parameters to temperature. This
work does not intend to replace these works, but rather adds further experimental
data to calibrate results and estimating tools to develop process parameter limits.
This large cross section of data indicated a need for detailed analysis of RPM, Wear,
Coolant, and Cutter Type. This further analysis is covered in the physical evaluation
chapter.
A.3.1 Microhardness Measurements
While the methodologies for microhardness measurements were developed in micro-
hardness discovery tests, this parametric study is the primary implementation. To
measure the mechanical and thermal working of the drill processes, this study maps
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the microhardness of the resulting material based on ASTM E384 [5]. This incorpo-
rates the knowledge that titanium gets harder if it picks up oxygen content creating
alpha case and gets softer if it is heat damaged [?]. This was also expected to provide
better definition of any microscopically observable phase changes. The typical sec-
tioning plan for the microhardness is illustrated in Figure A.2. As required, a variety
of microhardness patterns were investigated to characterize the surface effect layer
as illustrated in Figure A.3. The third option is the chord method as described in
ARP1820 [89] and could be utilized if close edge resolution is needed.
Following discovery experiments, a best practice microhardness plan was down se-
lected consistent with the ASTM specifications and the geometry. The best practice
plan captured edge effects to 0.0254 mm (0.001”) from the hole wall. It provided a
Figure A.2: Microhardness Measurement Schematic.
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Figure A.3: Microhardness Mapping Schematics (Reference [5]).
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profile with 17 measurements from 0.0254 mm (0.001”) to the hole wall to the base
metal in 0.0127 mm (0.0005”) increments for the first ten increments, 0.0254 mm
(0.001”) for the next three and 0.0508 mm (0.002”) for the last three. This max-
imized the signal to noise ratio while still enabling close spatial resolution without
interference from neighboring indentations or short edge distances. A typical hardness
profile pattern is shown in Figure A.4. This profile pattern provides quantification of
the hardness at the edge of the hole moving away from the hole into the base metal.
Finally, a computer numerical controlled indentation and digital measurement sys-
tem was used to create a traverse of profiles from the entrance to the exit of the hole
in Figure A.5. This enabled rapid generation of profiles with high repeatability as
well as quantities that were unachievable by hand. By mapping the profiles from
the entrance to exit of the hole the lower temperatures at the entrance to the hole
and the higher temperatures at the exit of the hole can be correlated to changes in
microhardness.
From the parametric drilling study six holes were chosen to cover a significant range
of the design space. Detailed analysis of both sides of the holes were performed on
four holes ranging from 98 to 607 degrees Celsius. The reason for the repeated mea-
surements was that the side of the hole where the temperature measurement is taken
is 0.762 mm (0.030”) thick and the other side is a normal two diameter spacing. As
demonstrated in the hole formation temperatures discussion the temperature gradi-
ent is flatter across the short edge distance side which provides potential for different
hardness results due to the temperature difference. Two more holes were analyzed
for the two diameter spacing side of the hole. The test matrix is illustrated in Table
A.1.
The repeatability of the measurements and the accuracy of the indentation locations
were consistent with experimental error and consistent with the measurement vari-
ability inherent in measuring a 0.0508 mm (0.002”) long indentation. However, the
technical results were not consistent with the expected trends. Over 3400 hardness
measurements covering six coupons were compiled; there was no appreciable change
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Figure A.4: Microhardness Mapping on a Sample.
Table A.1: Matrix of Microhardness Tests.
116
Figure A.5: Microhardness Measurement Schematic.
in microhardness outside the experimental variation. All indentations produced mi-
crohardness results of around 350 Knoop. This indicates that no microhardness cor-
relation observed from the edge of the hole leading away from the hole edge. The lack
of hardness change is a good indicator that alpha case is not present. It indicates that
there is no microhardness correlation observed for the different temperature gradients
on the close edge distance where temperature is measured or the two diameter edge
distance. Finally, it indicates that there is no observed microhardness correlation to
the change in temperature from the entrance side to the exit side of the hole. Typical
results are shown in Figure A.6. It should be noted that the low hardness spike seen
on this plot can be attributed to error on the optical computer measurement.
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Figure A.6: Microhardness Results on a Sample.
A.3.2 Optical Metallography Techniques
Sample holes from the drilling parameter study were sectioned and prepared for opti-
cal metallography to examine the grain structure and drilling process disturbances of
the different drilling processes. Sectioning parallel to the hole (like the microhardness
samples in Figure A.5) It is difficult to observe the grain disturbance in the parallel
direction. In the transverse orientation, however, the stretching and deformation of
the grains at the surface is evident as seen in Figure A.7.
During development of the metallography practices a number of variables in prepa-
ration technique were investigated to develop a repeatable quality result. The first
variable was etchant. Kroll’s reagent (Distilled Water, Nitric Acid, and Hydrofluoric
Acid) is generally the preferred choice for Ti-6Al-4V, however, to best pick up white
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Figure A.7: Transverse View of Hole Wall Drilling Effect.
layer or alpha case at the surface Kroll’s with additional Ammonium Bifluoride acid
was investigated. The Bifluoride creates a smutty look that makes the alpha case
stand out but degrades the quality of the rest of the etch. By etching the same sam-
ples with both etchants it was determined that there was no benefit to the bifluoride
as the drilling coupons did not exhibit alpha case and the pure Kroll’s provided better
definition of the deformed grains. Second, the consistency of the grain deformation
around the hole was investigated in the transverse direction. Variation of this type
had been noted by the lab technician and led to further investigation. While some
variation was seen, a good average picture could be generated by taking two pictures
at different places around the hole at 500x magnification. For higher magnification
(1000x), the variation was amplified by the localization of the picture making it harder
to generate consistent results. Last, the location of the section relative to the exit
surface was investigated in the transverse direction. From the thermal measurements,
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it was observed that the temperature dropped significantly the moment the tip of the
drill protruded from the coupon. This indicates that the peak temperature at the
hole wall is offset from the exit edge of the coupon by the height of the drill point.
The metallography did not indicate significant differences between sections as close
to the exit as possible, 1.27 mm (0.05”) from the exit and 2.54 mm (0.10”) from the
exit. The height of the drill point was 2.54 mm (0.10”). Sectioning close to the exit
surface was chosen for simplicity.
Metallography samples were assessed over a wide range of holes drilled in the discovery
tests. The metallography data is qualitative and was difficult to correlate to process
parameters. Detailed assessment is addressed in the Physical Integrity Investigation.
This is due to the variability of the data and the convolution of the process parameters
as the discovery test was designed to correlate the process temperatures which were
measured for every hole. However, a few observations were made. First, temperature
is related to metallurgical damage as best seen comparing flood coolant to an oil
based lubricant. Second, the sharpness of the cutter was related to metallurgical
damage as noted in literature and machining samples generated at a similar time.
Third, the cutter material was related to metallurgical damage as the performance
of carbide and high speed steel cutters was different. Fourth, the speed of the cutter
was related although this may be another way to control the temperature. These four
control variables were chosen for detailed investigation on physical integrity to feed
the process parameters in the hypothesis fatigue test.
A.4 Discovery Experiments Summary
This chapter developed experimental groundwork for fulfillment of the research ob-
jectives. Discovery experiments were performed to refine the process parameters
and experimental techniques to enable successful execution of the hypothesis experi-
ments. The first part is detailed assessment of literature and thermal discovery tests
performed to replicate the processes. The second part is a parametric study with
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measurement of key indicators discussed in the earlier sections to provide the data
necessary to select a hypothesis matrix. The third part covers physical assessment
of the parametric study to determine physical changes in the metal structure. The
final part covers development of the metallographic techniques for qualitative assess-
ment of physical drilling damage. From these discovery tests, a hypothesis matrix of
drilling parameters was designed and the metallography techniques were defined.
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Appendix B
Details of Fatigue Testing and
Results
B.1 Fatigue Coupon Manufacture
Manufacture of the fatigue coupon matrix required development of techniques to pro-
duce consistent repeatable results. The primary challenge was to develop techniques
to impart a consistent wear pattern on the dull cutters so that they produce repeat-
able results. Dulling the edge with a green sanding block or drilling a large matrix
of holes in titanium were examined. Neither were repeatable as the sanding block
is a hand-eye process and when drilling titanium the cutters tend to slowly chip up
which is non-repeatable. However, the application most used to drill titanium in
aerospace applications is a carbon fiber over titanium stack-up. Carbon fiber in this
relationship is very abrasive and dominates the wear pattern and is repeatable. Thus
dull cutters were generated by drilling holes in carbon fiber until a 0.10 mm (0.004”)
flank wear was observed. Once the number of holes was determined, all the dull drills
were run through the same process and documented before and after. Coolant and
lubricant was much simpler as it just involved controlling the machine settings. The
last technique was to only use a single drill for each coupon. Thus, whether sharp or
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Figure B.1: Coupon Manufacture: Sharp and Dull Cutters, Flood Coolant and Lu-
bricant.
dull, each drill only generated seven holes. In Figure B.1 the two settings of Wear
and Coolant are shown.
Figure B.2 illustrates typical hole appearances on the exit side. There were several
notable features. First, there is no discernable color change in the metal. When
titanium oxidizes it changes colors and the addition of oxygen is a fatigue driver
(alpha case). This is consistent with the microhardness results and the time and
temperature regions achieved. Second, there was no visible indication of difference in
hole 1 versus hole 7 on any coupon. Last, there was a visually observable increase in
burr height with temperature that needed to be quantified.
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Figure B.2: Coupon Manufacture: Post Drilling.
B.1.1 Burrs
To quantify the burrs, the entrance and exit burrs were measured for all 112 holes.
This was done using a burr measurement and logging system. Table B.1 summarizes
the processes and the resulting average entrance and exit burrs. It can be seen that
the exit burr increases as temperature increases. The last column shows the ratio of
the temperature to the exit burr height; the ratio was constant for the three highest
temperatures and significantly larger for the cooler baseline conservative process.
While burrs provide another means to quantify the process impact, for this test they
need to be removed so that the test results can focus on the repeatable bore of the
hole as opposed to fatigue initiation at the multitude of burr possibilities.
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Table B.1: Burr Summary Data.
B.1.2 Surface Finish
The surface finish was measured post fracture using a surface profilometer. Table B.2
summarizes the results. All measurements were below the threshold.
Table B.2: Surface Finish Summary Data (Ra).
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B.1.3 Hole Form
It has been noted that the roundness of holes varies and in particular a two fluted drill,
like used in this study, produces three lobes spaced at 120 degrees of greater diameter
and three lesser diameter areas between. This is illustrated in Figure B.3. These
lobes spiral down through the hole clockwise. As these lobes indicate a potential
change in cutting conditions relative to location of the lobes, an investigation was
initiated. A Talyrond system was used to measure holes on the fatigue coupons prior
to testing. Due to the size of the Talyrond system and the swing clearance of the 35.6
cm (14”) coupons, only the middle 3 out of 7 coupons could be measured prior to
testing. Additionally, it is not feasible to test roundness of a hole after fracture. This
only provided data for fractures in the middle three holes. However, crack initiations
found on other holes after failure can be measured after testing.
In Figure B.3 it should be noted that the coupon loading direction is oriented in line
with the 0/180 axis. Thus, the highest stress concentration and the crack initiation
site is located at the 90 and 270 locations. This figure shows one slice at the mid-
plane of the hole. Additionally, 10 slices per hole were measured in equal increments
from the exit to entrance of the hole. The reason for selection of the middle slice on
this coupon is seen in Figure B.4; the fracture site is observed at 50 percent through
the hole and located at the 270 degree location. Thus, for this coupon the initiation
site was about 10 degrees behind the peak of the hole lobe. For the purposes of data
acquisition, this was recorded as -10.
To compile the results it should first be noted that only 7 of 16 coupons failed in
holes 3, 4, or 5. Thus, there are only seven hole form data points. Second, there is
a 10-15 degree margin of error on the assessment of the initiation to lobe location
relationship. This is due to difficulties in determining the peak of the lobe and the
spacing of the roundness planes.
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Figure B.3: Hole Lobing Characterization.
Figure B.4: Fracture Location Relative to Hole Lobe.
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Figure B.5: Fracture Locations Summary Relative to Hole Lobe Transition.
B.2 Statistical Methodology
A probability distribution function (pdf) plots the life of the component versus the
percent of an infinitely large sample that the life would compose. A pdf is basically a
histogram of an infinite sample normalized to percentage instead of counts. Whether
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the actual experimental sample is large or small, a decision must be made as to
the best fit percent of distribution to assign each data point. This assignment of
percentages is accomplished using a ranking routine.
Numerous ranking routines have been developed, but all follow some basic steps.
First, the data is compiled in two categories, failures and censored data. While
failures are pretty self-explanatory, censored data points are a little more obscure.
Censored data points are the lives of components that have not failed at the time
of data acquisition. Two types of censored data generally exist. Type 1 censoring
occurs when the components are put into service at different times. Thus some
components have not had enough damage for failure and the only data available is the
life accomplished without failure. Type 2 censoring occurs when performing a sudden
death fatigue test in a laboratory setting. A sudden death test exercises multiple
components simultaneously but stops when the first component fails. Thus, if one
was testing four components in a sudden death test, the data would create one failure
point and three Type 2 censored points. The fatigue data for this research inherently
has Type 2 censoring as the fatigue coupons have 7 holes with each hole constituting
two sudden death components. The second step is to order the failures and censored
data points in ascending order. At this point the ranking routine is applied to the
data. All the ranking routines will assign a rank (the distribution percentage) to each
of the failure points. Censored data is not assigned a rank, however, censored data
which is between failures is used in the ranking routine to set the rank of the next
failure point. The effect of including censored data is to shift the distribution to a
longer life. Often the mean life is greater than the longest failure life. The confidence
in this extrapolation of failures to a longer characteristic life is still debated as it is
heavily dependent on how well the Weibull model matches the true distribution. The
confidence level depends primarily on the number of failure points in the data set
and is not easily quantifiable. If censors are not included, the characteristic value
will fall within the failure points as the distribution dictates. Excluding censors is
a conservative approach but can lead to compounding conservatism when combined
with safety factors.
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Once the experimental data has been ranked, the data points are transformed into
Weibull space. In Weibull space, a Weibull distribution plots as a straight line. The
parameters for the Weibull distribution are determined by fitting a line through the
experimental points. The slope corresponds to the shape parameter. The charac-
teristic value or scale parameter is calculated by shifting the line through the 63.2%
life. The best fit can be determined empirically or through analytical math routines.
Typically, a correlation coefficient is calculated to assess the validity of the Weibull
model.
B.3 Statistical Testing of Results
B.3.1 Two-Way ANOVA
Analysis of variance analysis (ANOVA) is a linear regression routine designed to
produce an estimate of the dependent variable as well as the significance of the process
variables. ANOVA was performed on the fracture data and the expanded initiation
data. The results are shown in Table B.5 and B.4. First, the sum of squares error is
significant with only about 30 to 37 percent success in fitting the data. This indicates
that the regression is not a very good predictor. The second item of interest is the P-
value which determines the significance of the parameter. P values less than 0.05 are
very significant, and values less than 0.10 are significant. This analysis shows that all
the parameters and their interactions are significant. Most important, the constant
has the highest significance. To understand this, one needs to look at the shape of
the data. Figure B.6 shows the knee in the data. As ANOVA is linear regression its
best fit is a line that has the least error across the knee. Since a line cannot make a
knee, it does a best fit, and the constant shifts the line to the best location. Since
most data on the higher temperature end are similar, the constant dominates.
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Table B.3: ANOVA Regression Analysis for Fracture Data Set.
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Table B.4: ANOVA Regression Analysis for Initiation Data Set.
132
Figure B.6: Knee in Data Not Handled by ANOVA.
B.3.2 Fisher Individual Confidence Intervals Analysis
Since two-way ANOVA analysis indicated that there is insufficient data to predict
the results via regression, a one-way ANOVA was initiated to assess the significance
of the difference between the groups. One-way ANOVA provides an assessment of
the means of the four test groups and uses the combined variance in the groups to
assess the differences between the means. A typical method would take this data and
assess if there is a 95% confidence that the difference between the means is significant.
While this can be an effective tool, the fracture and fatigue results generated do not
operate at the same variance level. So the comparison method used to assess the
significance of the difference between the means needs to allow for differences in the
groupwise variations.
To address this, Fisher’s Least Significant Difference creates confidence intervals while
controlling the individual error rate for all pairwise differences between the means.
Different from other methods, Fisher’s then uses the individual error rate and number
of comparisons to calculate the simultaneous confidence level. However, while Fisher’s
uses the individual error rates of the groups, it is still necessary to look at the combined
error rate to avoid type I error. This is accomplished by assessing the significance of
the one-way ANOVA (p-level less than 0.05).
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Fisher’s analysis is presented in four ways to describe the results. First, Fracture
is assessed versus Temperature with 190 Celsius being the baseline result in Tables
B.5 and B.6. Second, Log-Fracture is assessed versus Temperature with 190 Celsius
being the baseline result in Tables B.7 and B.8. Third, Fatigue is assessed versus
Temperature with 190 Celsius being the baseline result in Tables B.9 and B.10. Last,
Log-Fatigue is assessed versus Temperature with 190 Celsius being the baseline result
in Tables B.11 and B.12.
Table B.5: One-way Analysis of Variance: Fracture versus Temperature.
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Table B.6: Fisher 95 Percent Individual Confidence Intervals: Fracture versus Tem-
perature.
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Table B.7: One-way Analysis of Variance: Log-Fracture versus Temperature.
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Table B.8: Fisher 95 Percent Individual Confidence Intervals: Log-Fracture versus
Temperature.
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Table B.9: One-way Analysis of Variance: Fatigue versus Temperature.
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Table B.10: Fisher 95 Percent Individual Confidence Intervals: Fatigue versus Tem-
perature.
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Table B.11: One-way Analysis of Variance: Log-Fatigue versus Temperature.
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Table B.12: Fisher 95 Percent Individual Confidence Intervals: Log-Fatigue versus
Temperature.
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From the one-way ANOVA results over these four data views, the p-value is only
less that 0.05 for Fatigue versus Temperature. The other three data views have risk
of type I error using the Fisher method. Concurrent with the ANOVA results, only
the Fatigue versus Temperature data view had a 95% individual confidence that the
baseline result at 190 Celsius was different than the other three groups. While it is
close to being significant, there is too much variance in the data to strongly conclude
that the baseline is different with 95% confidence.
B.3.3 Summary
The fatigue test consisted of four groups of processes with four replicates of each level.
The RPM, Cutter Material, Feed, and Pecking are held constant and only Wear and
Coolant are varied. Temperature varies with the process variables. The result is a
fatigue coupon matrix that ranges from 190 Celsius peak temperature to 505 Celsius
peak temperature as shown in Figure 7.1. Group D is a baseline conservative process
which is a new sharp cutter with flood coolant. Group B is the same process still with
a new cutter but using lubricant instead of flood coolant which raises the temperature.
Group C is the same process using a dull cutter, but flood coolant is used. Group
A is the extremum which is the same process with a dull cutter and using lubricant
instead of flood coolant.
The fatigue results are summarized in Figure 7.3. Group D (the conservative pro-
cess: Sharp, Coolant) has the longest mean and median lives. Groups A, B, and C
have similar mean and median lives. The variance is largest in Group D. Since it
has been noted that variation increases with life in fatigue tests, this was addressed
using the Coefficient of Variation and the Weibull Shape parameter. While the con-
servative baseline group has a strong indication of a longer life than the three more
aggressive processes, it borders on being statistically significant to 95% confidence.
The remaining three processes have fatigue results that are not statistically differ-
ent. These fatigue results are consistent with the physical integrity (metallography
rating) results which demonstrate that the coupons were selected along a continuum
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that should expect to see different results, but the spacing between the groups is not
as large as the process parameters would indicate.
B.3.4 Survival Analysis
As noted in earlier sections, the data is reasonably well described by Weibull distri-
butions, this is shown in Figure B.7 in the top right corner. The probability density
function, the survival function, and the hazard function are also shown for the fitted
distribution. Being in the Weibull family is indicated by straight lines. It is a bit
difficult to tell with relatively few points, but in general it is a decent approximation.
Parallel lines mean that the shape parameter (the second parameter of the Weibull
survival function) is equal across the test sets. Should all the lines be parallel the
data would satisfy the proportional hazards assumption. The 190 Celsius and 310
Celsius groups appear parallel, but the 505 Celsius and 325 Celsius are clearly not.
The farther to the to the right that the lines shift means longer survival. Thus, we
can say that the 190 Celsius survival times are longer than the corresponding 310
Celsius survival times. The steeper slope of the 325 and 505 Celsius plots indicates
that the fitted survival times are much less variable than the longer life survival
times. In essence this means that mean time before failure and variability in time
to failure must both be accounted for in the survival analysis. In the ANOVA anal-
ysis the mean time before failure was examined while the variation was treated as
a nuisance in doing ANOVA. In survival analysis there are three different model-
ing approaches, Kaplan-Meier, Cox regression, and fully parametric regression. Cox
regression assumes proportional hazards, which is not satisfied by the data. Fully
parametric regression assumes you have a formula for the survival function (this is
shown using the 3-parameter Weibull function in Figure B.7). This Weibull model
provides a decent form of survival function, however, since the shape parameter is not
constant across treatments, no hypothesis tests are available to compare the groups.
The Kaplan-Meier method is always valid, but it gives weaker tests and does not give
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Figure B.7: Distribution Overview Plot for Fatigue Initiation.
any quantitative info about how groups differ from each other. The Kaplan-Meier
survival functions are shown in Figure B.8.
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Figure B.8: Survival Plot for Fatigue Initiation.
B.3.5 Summary
Beyond the basic tests of mean and variance, the data sets were statistically tested
to determine their significance. It is noted that there is a difference in the mean
time before failure, however, in general, the statistical tests indicate that, while the
baseline result is different than the remaining three, it is not significantly different in
most cases; this indicates that the mean time to failure is operating on a continuum
as opposed to a step jump in performance. The three parameter Weibull model fit the
data well, however, the shape parameter was not constant across the groups. Because
it is not constant across the groups it was not feasible to do statistical tests based on
the Weibull distributions. This change in shape parameter is not typical across most
fatigue data sets indicating that this change has significance for the conclusions of
this work.
145
B.4 Fatigue Test Life Analysis
B.4.1 Scatter Plots for Fatigue Life
To accomplish the goal of correlating the thermal-mechanical drill process to fatigue
life in Ti-6Al-4V, a relationship between temperature and fatigue life must be defined.
However, as noted in previous chapters, temperature is a dependent variable that is a
function of the process parameters. The primary relationship is between the process
parameters and fatigue life with a convoluted relationship between temperature and
fatigue life. This would be different if the temperature was applied via a furnace,
but, as it is a function of the process, this holds. However, the process parameter
experimental design is a typical factorial design of experiments and normal analysis
procedures are feasible. The first presentation of the data is scatter plots. This maps
the raw data points on a grid with temperature as the x-axis and fatigue performance
as the y-axis. Figure B.9 presents life scatter plots grouped by Wear. Figure B.10
presents the life scatter plots grouped by Coolant. In both these figures, there are
three individual plots. In the top left is the original 16 fracture data points. In the
top right is the 24 expanded initiation points. In the bottom right are the Weibull
medians. A few observations can be made on the hypothesis from the raw data here.
First, life decreases as temperature increases. The strongest decrease is seen on the
lower temperature side of the plots, and it is relatively flat thereafter. The Weibull
distributions diverge at the cross-over between the groups. The overall trend indicates
a decrease in fatigue life with increase in temperature up to a threshold with little
impact thereafter. This may be beneficial as it may be feasible to meet design needs in
the flat section allowing for more aggressive or error prone processes without risking
fatigue impact.
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Figure B.9: Life Scatter Plots: Grouped by Wear.
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Figure B.10: Life Scatter Plots: Grouped by Coolant.
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B.4.2 Main Effect and Interaction Plots
Two primary analysis plots are generated by standard analysis of design of experi-
ments. Both focus on the process parameters which folds temperature into the design
but does not directly analyze it. The first is a main effects plot that graphs the impact
of the process parameters on the dependent variable. Figure B.11 shows the main
effects of Cutter Wear and Coolant on the fatigue life. As previously, fracture data is
the top left, initiation data is the top right, and Weibull data is the bottom right. The
trends are consistent across the three data sets. Going from a sharp to dull cutter de-
creases life. Increasing coolant from lubricant only to flood coolant increases life. As
noted previously, going from sharp to dull also increased temperature and increased
the severity of the metallography rating and going from lubricant to coolant decreased
temperature and decreased the severity of the metallography rating. Therefore, all
trends relating temperature, metallography rating, and fatigue life trend together in
the expected manner. In all these cases, going to a less beneficial process in both
temperature and metallography rating had a corresponding decrease in fatigue life.
And the converse, going to a more conservative process in both temperature and
metallography rating had a corresponding increase in fatigue life.
The second is the interaction plot which derives how interrelated the process parame-
ters are to each other in their effect on the dependent variable. Figure B.12 shows the
main effects of Cutter Wear and Coolant on the fatigue life. As previously, fracture
data is the top left, initiation data is the top right, and Weibull data is the bottom
right. As noted in the main effects plot, the trends are consistent across the three
data sets. Going from a sharp to dull cutter decreases life. Increasing coolant from
lubricant only to flood coolant increases life. Parallel lines indicates little interaction
while crossing lines (90 degrees is strongest) indicate stronger interaction. The inter-
action plots definitely indicate an interaction between cutter wear and coolant on the
fatigue life. Returning to the scatter plots this shows up as the different reaction on
the lower side of the temperature range than the higher temperature range. As can
be seen, the dull cutter points and lubricant coolant points all fall on the flat section
of the curve, while the only longer life point is the sharp cutter with coolant. This
points to the interaction being temperature related.
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Figure B.11: Life Main Effects Plots.
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Figure B.12: Life Interaction Plots.
151
B.5 Fatigue Test Variance Analysis
B.5.1 Scatter Plots for Fatigue Variance
As previously discussed, there was a notable increase in variance between the shorter
and longer life coupons. To address this, the data was normalized using the Coefficient
of Variation. This is the Variation divided by the Average for that set of coupons.
As this did not collapse the variation, the increase in variation cannot be attributed
solely to the natural increase in variation of fatigue data with increase in life indicating
a potential change in fatigue mechanism. Thus, it is a meaningful attribute of the
fatigue performance that can be related to the thermal history.
The first presentation of the data is scatter plots. This maps the raw data points on a
grid with temperature as the x-axis and coefficient of variation as the y-axis. Figure
B.13 presents coefficient of variation scatter plots grouped by Wear. Figure B.14
presents the coefficient of variation scatter plots grouped by Coolant. In both these
figures, there are three individual plots. In the top left is the original 16 fracture
data points. In the top right is the 24 expanded initiation points. In the bottom
right are the Weibull medians. A few observations can be made on the hypothesis
from the raw data. The coefficient of variation decreases as temperature increases; the
strongest decrease is seen on the lower temperature side of the plots. The distributions
diverge at the cross-over between the groups. The overall trend indicates a decrease
in coefficient of variation with increase in temperature. This may be beneficial as it
may be feasible to meet design needs in the flat section allowing for more aggressive
or error prone processes without risking outlier fatigue data.
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Figure B.13: Coefficient of Variation Scatter Plots: Grouped by Wear.
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Figure B.14: Coefficient of Variation Scatter Plots: Grouped by Coolant.
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B.5.2 Main Effect and Interaction Plots
Two primary analysis plots are generated by standard analysis of design of experi-
ments. Both focus on the process parameters which fold temperature into the design
but do not directly analyze it. The first is a main effects plot that graphs the impact of
the process parameters on the dependent variable. Figure B.15 shows the main effects
of Cutter Wear and Coolant on the coefficient of variation. As previously, fracture
data is the top left, initiation data is the top right, and Weibull data is the bottom
right. The trends are consistent across the three data sets. Going from a sharp to
dull cutter decreases coefficient of variation. Increasing coolant from lubricant only
to flood coolant increases the coefficient of variation.
Figure B.15: Coefficient of Variation Main Effects Plots.
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Figure B.16: Coefficient of Variation Interaction Plots.
The second is the interaction plot which derives how interrelated the process parame-
ters are to each other in their effect on the dependent variable. Figure B.16 shows the
main effects of Cutter Wear and Coolant on the coefficient of variation. As noted pre-
viously, fracture data is the top left, initiation data is the top right, and Weibull data
is the bottom right. Consistent with the main effects plot, the trends are consistent
across the three data sets. Going from a sharp to dull cutter decreases coefficient of
variation. Increasing coolant from lubricant only to flood coolant increases coefficient
of variation. Parallel lines indicate little interaction while crossing lines (90 degrees
is strongest) indicate stronger interaction. The interaction plots indicate some, but
limited, interaction between cutter wear and coolant on the coefficient of variation.
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Figure B.17: Failure Analysis Selections.
B.6 Failure Analysis
In this section, the failure analysis results are reviewed. A subset of the fatigue
coupons were examined as shown in Figure B.17.
B.6.1 Optical Metallography
To assess the fatigue failures, the first step was optical pictures of the fracture zone.
Figures B.18, B.19, B.20, B.21, B.22, and B.23 present optical microscopy of the six
detail samples in ascending order based on fatigue life. The top half of the figures
examines the actual fracture surface. The top left is low magnification, the top right
is high magnification. Additionally, all 16 fractures are documented in this manner
in Appendix D. For the bottom half, the coupons are turned 90 degrees and ground
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Figure B.18: Optical Metallography Coupon 1-5, Group C, Dull, Coolant, Short Life
110103 Cycles.
in the direction of the hole bore till the preparation surface is aligned with the depth
of the initiation site. The bottom half figures examine the microstructure of the
same coupon at the initiation site in the transverse direction. The bottom left is low
magnification and the bottom right is high magnification.
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Figure B.19: Optical Metallography Coupon 1-9, Group D, Sharp, Coolant, Short
Life 133965 Cycles.
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Figure B.20: Optical Metallography Coupon 2-1, Group A, Dull, Lubricant, Short
Life 139552 Cycles.
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Figure B.21: Optical Metallography Coupon 1-1, Group A, Dull, Lubricant, Long
Life 196095 Cycles.
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Figure B.22: Optical Metallography Coupon 1-2, Group B, Sharp, Lubricant, Long
Life 224239 Cycles.
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Figure B.23: Optical Metallography Coupon 1-10, Group D, Sharp, Coolant, Long
Life 322505 Cycles.
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B.6.2 Scanning Electron Microscopy
The next step in assessing the fatigue failures was scanning electron microscopy for
the four key samples. A series of micrographs, most using secondary imaging, were
generated in Figures B.24, B.25, B.26, and B.27 in ascending fatigue life order. The
charts are displayed left to right and top to bottom in the same sequence with varying
numbers of micrographs depending on the fracture. Each starts by examining the
normal (perpendicular) to the origin location using increasing levels of magnification
via secondary imaging. Then some plots are repeated using back scatter imaging.
Back scatter is used to help clarify the surface morphology/geometries that many
times become uncertain with secondary imaging. Next, the plots examine the oblique
direction in increasing orders of magnification using secondary imaging and again
some are repeated using back scatter imaging. Last, the fatigue surface of each
sample is plotted.
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Figure B.24: Scanning Electron Metallography Coupon 1-9, Group D, Sharp, Coolant,
Short Life 133965 Cycles.
165
Figure B.25: Scanning Electron Metallography Coupon 2-1, Group A, Dull, Lubri-
cant, Short Life 139552 Cycles.
166
Figure B.26: Optical Metallography Coupon 1-1, Group A, Dull, Lubricant, Long
Life 196095 Cycles.
167
Figure B.27: Optical Metallography Coupon 1-10, Group D, Sharp, Coolant, Long
Life 322505 Cycles.
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B.6.3 Failure Analysis Conclusions
No irregularities, such as inclusions, voids, or notches, were observed in the material
at initiation sites. The fatigue surface morphology was consistent across the groups
with no indication of subsurface initiation sites and with all coupons initiating on the
surface. No abnormalities or differences were seen between the coupons examined.
As there was nothing inconsistent with typical fatigue failure, it is concluded that,
despite the shape parameter difference, the data as observed is consistent across the
experiment.
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Appendix C
Metallography Ratings
Table C.1: Metallography Rating.
170
C.1 Metallography Rating Level 1 (Low Effect)
171
Figure C.1: 917 RPM, Sharp, Lubricant, Type S Carbide, 315 C, Rating 1.
172
Figure C.2: 917 RPM, Sharp, Coolant, Type S Carbide, 230 C, Rating 1.
173
Figure C.3: 1375 RPM, Sharp, Coolant, Type S Carbide, 255 C, Rating 1.
174
Figure C.4: 458 RPM, Sharp, Coolant, Type S Carbide, 125 C, Rating 1.
175
Figure C.5: 1375 RPM, Dull, Coolant, Type S Carbide, 730 C, Rating 1.
176
Figure C.6: 1375 RPM, Sharp, Coolant, Type U HSS, 500 C, Rating 1.
177
C.2 Metallography Rating Level 2 (Medium-Low
Effect)
178
Figure C.7: 1375 RPM, Sharp, Lubricant, Type S Carbide, 660 C, Rating 2.
179
Figure C.8: 1375 RPM, Dull, Lubricant, Type S Carbide, 780 C, Rating 2.
180
Figure C.9: 917 RPM, Dull, Coolant, Type S Carbide, 440 C, Rating 2.
181
Figure C.10: 458 RPM, Sharp, Lubricant, Type U HSS, 350 C, Rating 2.
182
Figure C.11: 458 RPM, Dull, Lubricant, Type U HSS, 930 C, Rating 2.
183
Figure C.12: 917 RPM, Sharp, Coolant, Type U HSS, 455 C, Rating 2.
184
C.3 Metallography Rating Level 3 (Medium-High
Effect)
185
Figure C.13: 917 RPM, Dull, Lubricant, Type S Carbide, 810 C, Rating 3.
186
Figure C.14: 458 RPM, Dull, Lubricant, Type S Carbide, 595 C, Rating 3.
187
Figure C.15: 458 RPM, Dull, Coolant, Type S Carbide, 275 C, Rating 3.
188
Figure C.16: 458 RPM, Sharp, Coolant, Type S Carbide, 310 C, Rating 3.
189
C.4 Metallography Rating Level 4 (High Effect)
190
Figure C.17: 458 RPM, Sharp, Lubricant, Type S Carbide, 325 C, Rating 4.
191
Figure C.18: 917 RPM, Sharp, Lubricant, Type U HSS, 610 C, Rating 4.
192
Figure C.19: 458 RPM, Dull, Coolant, Type U HSS, 495 C, Rating 4.
193
Appendix D
Optical Examination of Failure
Surfaces
D.1 Group A: Dull, Lubricant
194
Figure D.1: Optical Metallography Coupon 1-1 (Group A, Dull, Lubricant, 196095
Cycles).
195
Figure D.2: Optical Metallography Coupon 1-3 (Group A, Dull, Lubricant, 140214
Cycles).
196
Figure D.3: Optical Metallography Coupon 2-1 (Group A, Dull, Lubricant, 139552
Cycles).
197
Figure D.4: Optical Metallography Coupon 2-6 (Group A, Dull, Lubricant, 160930
Cycles).
198
D.2 Group B: Sharp, Lubricant
Figure D.5: Optical Metallography Coupon 1-2 (Group B, Sharp, Lubricant, 224239
Cycles).
199
Figure D.6: Optical Metallography Coupon 1-7 (Group B, Sharp, Lubricant, 137550
Cycles).
200
Figure D.7: Optical Metallography Coupon 2-2 (Group B, Sharp, Lubricant, 165872
Cycles).
201
Figure D.8: Optical Metallography Coupon 2-4 (Group B, Sharp, Lubricant, 154758
Cycles).
202
D.3 Group C: Dull, Coolant
Figure D.9: Optical Metallography Coupon 1-4 (Group C, Dull, Coolant, 147742
Cycles).
203
Figure D.10: Optical Metallography Coupon 1-5 (Group C, Dull, Coolant, 110103
Cycles).
204
Figure D.11: Optical Metallography Coupon 1-8 (Group C, Dull, Coolant, 230388
Cycles).
205
Figure D.12: Optical Metallography Coupon 2-3 (Group C, Dull, Coolant, 227132
Cycles).
206
D.4 Group D: Sharp, Coolant
Figure D.13: Optical Metallography Coupon 1-6 (Group D, Sharp, Coolant, 466130
Cycles).
207
Figure D.14: Optical Metallography Coupon 1-9 (Group D, Sharp, Coolant, 133954
Cycles).
208
Figure D.15: Optical Metallography Coupon 1-10 (Group D, Sharp, Coolant, 322505
Cycles).
209
Figure D.16: Optical Metallography Coupon 2-5 (Group D, Sharp, Coolant, 182773
Cycles).
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